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PROCEEDINGS, PART Il 


The Society is not responsible, as a body, for the statements and opinions advanced 
in this publication. 


SUMMARY OF PROCEEDINGS OF THE WASHINGTON 
REGIONAL MEETING—SYMPOSIUM ON THE 


OUTDOOR WEATHERING OF METALS 


The fifth regional meeting of the Society was held in Washington, 
D. C., at the Wardman Park Hotel on Wednesday, March 7, 1934, in 
conjunction with the Spring Group Meeting of A.S.T.M. Committees. 
Arrangements for the regional meeting were under the auspices of the 
Washington Committee on Arrangements consisting of: 


A. C. Fieldner (Chairman), Chief Engineer, Experiment Stations Division, 
U. S. Bureau of Mines 
H. F. Clemmer, Engineer of Tests, Department of Highways, District of 
Columbia 
W. M. Corse, Metallurgical and Chemical Engineer a a 
F. H. Jackson, Senior Engineer of Tests, U. S. Bureau of Public Roads se 
H. S. Rawdon, Chief, Division of Metallurgy, U. S. Bureau of Standards 
Stanton Walker, Director, Engineering and Research Division, National 
Rs. Sand and Gravel Assn. 


_ The afternoon session of the meeting comprised a technical pro- 
gram, a Symposium on the Outdoor Weathering of Metals and 
Metallic Coatings. There were approximately 250 members and 
guests in attendance at the session. 

The evening session, the Regional Meeting Dinner, was of an 
informal nature with the following speakers: 


Capt. C. A. Jones, Head of the Design Division, Bureau of Engineering, 
= 7 Navy Department 
Dr. Robert A. Brady, Special Adviser on Consumers’ Standards, N.R.A., 
hh and Assistant Professor of Economics, University of California 
2 ee | Henry M. Waite, Deputy Administrator, Federal Emergency Admin- 
. istration of Public Works 


Mr. Willard T. Chevalier, Vice-President, McGraw-Hill oe 
Co., acted as toastmaster. 
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The Symposium on the Outdoor Weathering of Metals and Metal- 
lic Coatings was sponsored by the Society’s Committee A-5 on Cor- 
rosion of Iron and Steel and Committee B-3 on Corrosion of Non- 
. = Metals and Alloys, which assigned the development of the 
program to a special committee consisting of the following: 


Laboratories, Inc. 

W. H. Finkeldey, Metallurgist, Singmaster & Breyer 

C. L. Hippensteel, Member of Technical Staff, Bell Telephone Lebovateties, 
Inc. 

R. F. Passano, Research Engineer, Research Laboratories, The American 
Rolling Mill Co. 

H. S. Rawdon, Chief, Division of Metallurgy, National Bureau of Standards 

Sam Tour, Vice-President, Lucius Pitkin, Inc. 


The papers of the symposium deal primarily with an analysis of 
performance data obtained from the outdoor weathering tests carried 
out by the Society’s Committees A-5 and B-3, and from independently 
made investigations in which the authors have considerable confidence. 
, They illustrate certain proper uses to which Society test data may be 
by any materials engineer to solve his daily problems. The 

‘3 = authors were not limited to the conclusions or opinions that have 
ae OS}e been stated officially by the two corrosion committees of the Society. 
- Tes symposium consisted of the following five papers: 


x 
x aoe “Outdoor Test Results on Bare and Metal-Coated Ferrous Specimens,” by 
«hoa C. D. Hocker, Chemical Engineer, Bell Telephone Laboratories, Inc. 
“The Harmony of Outdoor Weathering Tests,” by R. F. Passano, Research 
Engineer, Research Laboratories, The American Rolling Mill Co. 

_ “The Influence of Rainfall and Smoke on the Corrosion of Iron and Steel,” 

by G. N. Schramm, Corrosion Research Laboratory, American Sheet 
and Tin Plate Company, and E. S. Taylerson, Manager, Research 
Laboratory, American Sheet and Tin Plate Co. 

“The Early Interpretation of Test Results in the Atmospheric Corrosion of 
Non-Ferrous Metals and Alloys,” by W. H. Finkeldey, Metallurgist, 
Singmaster & Breyer 

“Galvanic Corrosion by Contact of Dissimilar Metals,” by C. L. Hippen- 
steel, Member of Technical Staff, Bell Telephone Laboratories, Inc. 


Cee 4 The chairman of the session was Mr. R. J. McKay, Superinten- 
dent, Technical Service, International Nickel Co., with Mr. F. F. 
Farnsworth acting as co-chairman. The papers elicited a considerable 
BP oe aay ip amount of discussion which contributed greatly to the information 
aie i ny contained in the papers. The papers, complete with discussion, have 
been published by the Society as a separate volume entitled, Sym- 

posium on the Weathering Metals and! Metalic 


F. F. Farnsworth (Chairman), Outside Plant Engineering, Bell Te: a) 
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WATER AS AN ENGINEERING AND INDUSTRIAL sone 
MATERIAL 
To be awarded the coveted honor as the choice of this Society to 
deliver the Ninth Edgar ‘Marburg Lecture is indeed gratifying. It 
imposes, however, a trust of responsibility which may not be carried 
lightly, when one considers the heritage upon which the Memorial 
Lecture was founded. In our feeble effort to honor the memory of 
Edgar Marburg, who devoted much of his lifetime to the advancement 
of knowledge of engineering materials, certain phases of the develop- 
ment in this field are herein presented. 

The keystone of successful engineering performance is the avail- 
ability of satisfactory materials. Through the ages, the romantic 
fulfillment of engineering dreams has been largely a struggle for such 
materials and has always constituted problems of major importance. 
The evolution of modern engineering practice is not merely the product 
of individual effort, but the contributions of many groups, requiring 
coordination of data culled from research and development in widely __ 
diversified fields. mer 

The essential factors in obtaining proper engineering materials —__ 
for any purpose are a compilation of specifications satisfactory for §=_— 
the specific conditions encountered and adequate structural and 
testing procedure to produce and evaluate the desired product. 
Obviously, it would be superfluous to discuss such requirements, since 
they are the motivating force for the Society’s activity. It is my 
purpose merely to draw attention to them with specific reference to 
water as an engineering material, and to discuss existing trends in 
this field of applied chemistry. 

Whether or not water may be classified as an engineering material 
depends on the accepted definition of such a product. If we include 
any material essential for the completion of an engineering program 
or required for continued industrial progress, then water automatically 
comes within such classification. Few engineering or industrial 
projects may be performed successfully without an adequate and 
properly conditioned water supply. As with steel or other materials 


1 Read on June 27, 1934, before the Annual Meeting of the American Society for Testing Materials 
Atlantic City, N. J. 
iting Chemical Engineer, Baltimore, Md. 
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required for a variety of conditions, no general specification for water 
may be prepared. Water of given quality, satisfactory for one set of 
conditions, may be totally unfit for another purpose. 

Granting for the moment that water is a basic engineering 
material, are there available sufficient fundamental data to assure 
uniform products applicable for all industrial requirements? Where 
broad specifications are acceptable, as in the majority of usages, no 
particular difficulty may be experienced. For critical conditions, 
however, such data are lacking, and our knowledge on many points 
is still very much in the twilight zone. Such a viewpoint is obvious 
when we pause to consider that we are dealing, not merely with a 
simple compound of hydrogen and oxygen, but complex chemical 
solutions, the composition of which is seldom accurately known. 

There is a natural tendency to ignore the presence of minute 
quantities of metals in water as insignificant factors. It is doubtful 
whether such an attitude is justifiable, since up to the present, the 
data available have been too meager to determine intelligently their 
industrial or sanitary significance. It is conceivable that even traces 
of the heavy metals may markedly influence the adequate water 
processing required for the finer arts. Manganese, for instance, when 
present in water in amounts as small as one part in three million 
parts of water is highly objectionable in the dyeing, textile, leather, 
laundry and soft-drink industries. Further, relatively minor changes 
in the hydrogen ion concentration of industrial water supplies has 
us resulted in heavy spoilage of material in tin-weighting processes as 

required in the silk industry. 
_——s Experience has fairly well established definite specifications for 
_- water requirements in most industries and has indicated tolerances 
beyond which satisfactory performance is not obtainable. Under 
_ critical operating conditions, therefore, accurate testing methods 
must be used. Routine analytical procedure as used for general 


: - ater testing is wholly inadequate for many conditions. For example, 


milligrams of solids per liter, yet under certain conditions will result 
in a severe operating problem. The most expert technicians frequently 
- encounter difficulty in determining even the common constituents in 
water, due to the inherent limitations of quantitative analytical 
methods. Under ordinary conditions a high degree of analytical pre- 
at AGN cision is not imperative, but as improvement in the art develops, 
greater accuracy becomes essential. The solution of many problems 
. a water conditioning would be readily indicated if the contributing 

influence of minor amounts of constituents were definitely known. 
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Recent development in analytical procedure by micro-analysis, by 
spectrographic and by electrical methods, forecast the solution of 
many problems now insolvable. 

The recent trends in all forms of industrial development and 
expansion have demonstrated the necessity for constructive research in 
this field. Water purification satisfactory for municipal uses is fre- 
quently wholly unsuited for many industrial processes. It is obviously 
impracticable so to condition the public supply of an entire community 
and have the resulting product conform to the specific requirements 
of groups of industries. All that industries depending upon public 
water supplies may reasonably expect is that the raw product delivered 
shall fall within certain broad specifications. Refined processing 
for special usage is a function of private management. Under con- 
ditions where industries depend on private water sources analogous 
treatment will occur, the only difference being the relative quality 
of the raw material. Beyond this point the refinement of the product 
will be dependent upon specific requirements. 


wc. REMOVAL OF SUSPENDED SOLIDS FROM WATER 


Practically all surface waters contain some suspended matter 
which requires removal before the waters are suitable for industrial 
uses. Even where water is used merely for cooling, removal of gross 
amounts of suspended solids is necessary and some form of treatment 
must be employed. The simplest method of clarification is by plain 
sedimentation. The relative simplicity of such treatment has always 
attracted attention and the conditions which influence this phenom- 
enon have been subject to critical studies. Scientifically, the problem 
of water clarification is somewhat involved and the influence of the 
many contributing factors is not always apparent. The fundamental 
hydraulic principles involved, occurring when solids deposit from 
water, are most accurately expressed by the résumé of Hazenq),' and 
although they were advanced by him more than thirty years ago, 
they are still generally accepted: 

“The fundamental proposition, in clearing water by sedimenta- 
tion, seems to be that every particle of sediment moves downward 
through the water at a velocity depending upon its size and weight 
and upon the viscosity of the water. Particles of sediment are 
generally so far apart that they do not influence each other; and, 
while there is no doubt that they do sometimes collect in groups and 
thus change the conditions, it seems to be generally true that each 
particle will settle as if no other particle were present. 


| The boldface numbers in parentheses refer to the reports and papers given in the list of references 


appended to this paper, see p. 45. 
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“Tf the water in a basin were absolutely quiet there would be a 
regular sequence of clearing beginning at the top. The coarsest 
particles would go down fastest, but at any given point there would 
be a gradual clearing, and this clearing would take place most rapidly 
at the top, and, after longer intervals, at lower points in the basin. 

“‘Seddon started out with this theory, but found it to be not in 
accordance with the facts. His observation showed that while the 
amount of sediment in the water in the top was a little less than in the 
water in the bottom, the distribution was nearly equal throughout the 
mass, a condition of affairs inconsistent with the theory. He accounted 
for this distribution of sediment by the constant mixing of the water 
from tep to bottom, and to the sustaining power of vortex motions in 
the water. These motions, he thought, arose from the internal 
motion of the water at the time of entrance, and from wind, and 
from temperature changes. 

“The writer has taken Seddon’s development of the case as his 
starting point, and has carried the discussion further. He believes 
that while the internal motions keep the water mixed, and with nearly 
the same density of sediment from top to bottom, the tendency of the 
particles of sediment to settle is nevertheless an unbalanced force 
always acting to take the particles to the bottom, and the number of 
particles that hit the bottom in a given time is proportional, first, to 
the velocity at which the individual particles settle, and second, to 
the density of sediment in the water immediately above the bottom. 

“With these fundamental relations in mind, it is easy to compute 
and to express by simple formulas the proportions of particles of 
sediment of a given hydraulic value which will hit the bottom under 
given conditions and which, therefore, presumably will be removed. 
Me “The fundamental propositions may be very concisely expressed. 
ne They are: first, that the results obtained are dependent upon the area 
of bottom surface exposed to receive sediment, and that they are 
entirely independent of the depth of the basin; and, second, that the 
best results are obtained when the basins are arranged so that the 
A incoming water containing the maximum quantity of sediment is kept 
ar ) = mixing with water which is partially clarified. In other words, 

the best results are obtained where any given lot of water goes through 
= the basin with the least mixing with the water which enters after it. 
_ This is practically accomplished by dividing the basins into consecu- 
five apartments by baffles or otherwise. 

“Thus far, the discussion is easy and apparently certain. The 
next step is a more difficult one. It relates to bottom velocities, and 
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ime of Setting, days, log scale 


allow the particles to remain on the bottom when they get there, or 
whether they will be taken up again and be kept in motion with the 
body of the water. This is a point upon which further experimental 
data are needed. ‘The problem of securing such data seems to be 
difficult. The observations must be made at the bottom of a layer 
of liquid of considerable thickness, where the conditions of observation 
are not favorable. The observations, further, must be made on very 
low velocities and on particles so small as to be practically microscopic. 

“Whatever view may be taken of the second part of the problem, 
or whatever researches upon it may show, the arrangements of basins 
most favorable to taking particles to the bottom should stand.” 
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Fic. 1.—Removal of Suspended Solids from Water by Subsidence in Quiescent 
Water at 62 F. (17 C.). 


Even though there may be no horizontal movement of the water, 
complete clarification is not obtained and long periods of retention of 
water in a quiescent stage will not completely eliminate finely dispersed 
solids. This is illustrated in Fig. 1, showing the trend towards 
equilibrium in respect to classification of particle sizes remaining in 
suspension. From an engineering viewpoint, there are economic 
limits beyond which clarification by plain subsidence only becomes 
impractical. Since the removal of all suspended matter may not be 
entirely effected by gravity, coagulation and filtration processes have 
been developed to — up clarification. 
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Chemical coagulation has been widely practiced for ages, but the 
function of the many forces involved in these processes are still vague 

and imperfectly understood. Hannan@), in a thoughtful discussion 

on the subject, has termed these phenomena ‘“micro-forces,”’ and 

considers the ultimate influence of low potential energy capable only 

of acting on masses of molecular proportion and limited to a minute 

range. ‘This investigator has advanced the theory that in liquid- 

liquid, gas-liquid and liquid-solid interfaces the molecules “marshall 

themselves in layers, each layer differing probably to some slight extent 

from its neighbor.” Molecular orientation in fluids is thought to be 

replaced by minute stresses in the case of solids. Summarizing this 

theory, Hannan believes the whole may be referred to as an interfacial 

system and that at the intersection of interfacial systems, and more 

especially at the solid-liquid-gas junction, the micro-forces are most 

manifested. Continuing further he suggests that water surfaces are 

oriented molecules of many thousand layers. Pursuing this thought, 

he believed that ‘‘When the water surface takes a curved form, the 

electromagnetic field thereby developed is such that the following 
laws obtain: (a) convex attracts convex, (b) concave attracts concave, 

and (c) convex and concave are mutually repellent. Not only so, 
but the degree of attraction or repulsion is seen to vary with the 
curvature. If curvature fineness or division or degree of dispersion 
are all virtually synonymous terms, we have the stage set for the play 
of forces in interfacial phenomena that must produce the characteristic 
results observed in and around the capillaries formed by the deposits 
of coagulum about the sand grains of a filter bed.” 

The amount of coagulant required to effect good clarification 
varies with the nature and amounts of suspended and the soluble 
solids contained in the water. The work of Theriault and Clark, 
Ph " “Mile and others on the formation of floc by alum solution has proved 
that the acidity of the water, as measured by the hydrogen-ion con- 

centration of the final mixture of alum and water, is of great importance 

in the production of floc. A portion of the summary of Theriault 
Clark’s) study is given herewith: 

4 “When other possible factors are left out of consideration, the 

optimum conditions for floc formation will be found within a narrow 

= ee zone of pH centered for dilute solutions at pH 5.5. The more dilute 

the water in total salt content and the less alum added, the narrower 


found.” 
It should be borne in mind that optimum floc formation is not 
always synonymous with clarification, since satisfactory agglomeration 
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of flocculated coagulants is influenced by a number of factors. Tem- 
perature, peptizing agents, certain buffer salts and velocity of mixing 
greatly affect the results. 

As a rule the dose of chemical necessary for proper treatment is 
proportional to the turbidity of the water. No definite scale of 
amounts applicable to all waters is possible, since many substances 
influence materially the coagulating power of water. The quantity 
of the chemical required to bring about high removal of suspended 
solids not only changes with.different waters but varies from time to 


Fic. 2.—Showing Effect of Mixing 15 
Beaker on left—Water taken at inlet of sedimentation basin. 


Turbidity of untreated water 700 p.p.m. 


time in the same water. Organic matter has a marked effect on 
coagulation, some organic substances accelerating coagulation while 
others inhibit this action. 

Finely divided mineral matter, such as clays and siliceous com- 
pound, has a retarding effect on coagulation. Waters containing 
large amounts of these constituents require relatively larger doses of 
chemicals to effect coagulation than would be required for the clarifica- 
tion of waters containing high amounts of readily settleable solids. 
Many waters in which silica and silicic acid occur as colloids are 
difficult to coagulate, and purification of such waters presents a 
difficult problem. Certain organic acids, particularly tannic acid, 
inhibit 


> 
| 
> 
c 
e 
a same source after 15 min. mechanical mixing, settled 
d 
It 
1€ 
te 
er | 
De 
ot 


10 Nunta Epcar Marsurc LECTURE 


aluminum sulfate to coagulate, in many waters, is due to the presence 
of these compounds. 

Smith) has shown that “In the coagulation of water containing 
colloidal clay, the stability of a clay suspension seems to be intimately 
related to concentration of sodium and potassium carbonate and 
sulfate. The amount of alum required will be greater the larger the 
concentration of these, and less as the ratio of calcium plus magnesium 
to sodium increases.’ 
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Fic. 3.—Saving in Cost of Chemical Coagulant, per Million Gallons of “Water 
Filtered per Year, Resulting from Substituting 15 min. of Mechanical Mixing 
of Water and Coagulant in Place of Mixing by Baffles. 


The production of clear water, so necessary in many of the proc- 
esses, involves primarily two specific steps: namely, adequate pre- 
| treatment to coagulate suspended or soluble solids, and effective 
des filtration of the agglomerated particles. It is extremely difficult, 

a hu except at very low rates of filtration, to meet these requirements if 
either the coagulating or filtration equipment is inadequate. The 
thoroughness of the preparation of water prior to filtration will vary 
_ widely in different localities, owing to the nature of the suspended or 
soluble solids carried by the supply. In ways case, however, there are 
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two fundamental principles which may not be ignored. These are the 
use of the proper type of chemical coagulant, and proper admixture 
of the chemicals and water. For many years it was realized that proper 
mixing of chemicals and water was an important item for satisfactory 
water purification. The economic importance of this point, however, 
was not fully realized until quite recently. To accomplish the best 
result requires proper adjustment of the mixing velocity and contact 
period, and other structural or operating details. The effect of 
adequate mixing is illustrated in Fig. 2 which shows the rapidity and 
effectiveness of clarification of very muddy water, by agglomeration 
of the finely dispersed particles into readily settleable masses of 
coagulum. Economically, such control is highly desirable, since 
speeding up the rate of clarification is reflected in structural and 
operating costs of any water purification system. A concrete example 
of this is demonstrated in the net annual saving in chemicals in a 
large industrial plant shown in Fig. 3. 

At the present time a number of research investigations are 
being conducted concerning the relative value and efficiency of iron 
and alumina coagulants. These studies have demonstrated that for 
certain waters ferric salts, particularly the sulfate, possess specific 
advantages over many other coagulants and are preferable for the 
clarification. The ferric salts are especially useful for the clarification 
of waters containing low alkalinity. Ferric sulfate is particularly 
adaptable for the treatment of some waters since it has a wide pH 
coagulating range requiring less careful adjustment of the isoelectric 
point. The coagulum formed by iron salts is bulky and possesses 
high absorptive properties. 


EFFECT OF COLOR ON INDUSTRIAL WATER SUPPLIES 


In certain industries, the colors and shades of manufactured 
materials require complete removal of all colors from waters used for 
processing and require the elimination of any organic or inorganic 
materials which may result in off-color or stained products. These 
requirements have necessitated effective decolorization methods. True 
color is due largely to the solution or colloidal suspension of organic 
material, and waters so stained reflect the organic nature of the water- 
shed from which the water is collected. At times, color may be 
imparted to the water by certain inorganic substances, but in general 
organic material is responsible for the staining of both surface and 
underground supplies. The discussion of colored waters and methods 
for their correction is limited here to compounds present in water 
whether in true solution or in a colloidal state, which are not to be 
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confused with apparent color imparted to the water from suspended 
solids. In certain sections of the country, especially in many New Eng- 
land and Southern states, highly colored waters are fairly common. 
In some cases marked reduction in color of water can be effected by 
holding the supply in impounding reservoirs for long periods. Where 
a high degree of removal is not desired, this procedure is relatively 
satisfactory but complete decolorization may not beobtained. Removal 
of color in this way is the result of the combined action of sunlight 
and biochemical processes. In some instances high color removal 
has been effected by filtration of the impounded reservoir water 
through sand without the aid of coagulants. The exact phenomenon 
of decolorization of water by impounding is due, probably, to a number 
of factors. The theory advanced by Hazen and confirmed by others 
is that during the putrefactive action which occurs in the bottom of 
reservoirs, the dissolved oxygen in the lower strata of water is ex- 
hausted, and the accumulated iron in the reservoir bottom is reduced 
to a ferrous state. With seasonal changes, the lower layers of water 
are brought to the top, where aeration takes place. By their contact 
with oxygen, the ferrous salts are oxidized to a ferric condition and 
are thus precipitated. Thus, much of the color is adsorbed and 
precipitated. There are three possible conditions which may result 
from the biological action followed by aeration. These depend upon 
the relative amount of iron, the nature of the color, and biological 
activity. All colored waters are not decolorized by detention in 
reservoirs, since the combination of iron and organic matter may be so 
stable as to inhibit removal either by coagulation or filtration. 
Accurate data relating to decolorizing water chemically have 
been secured through a number of investigations. The principle of 
decolorization by chemical processes is largely one of determining 
the isoelectric point required for the agglomeration and precipitation 
of the organic or inorganic compounds responsible for the staining of 
the supply. The classical studies of Wolman and Hannang) in 1921 
did much to advance the art of coagulation of substances in waters 
by chemicals and has considerable bearing on decolorization control 
procedure. These studies firmly established certain fundamental 
principles of coagulation which have been responsible for later experi- 
mentation relating to color removal. It has been shown by cata- 
phoresis that color in water is largely in a collodial state. As pointed 
out in the discussion of suspended matter, it is now recognized that 
careful adjustment of the hydrogen-ion concentration of water is a 
primary and important factor for effective coagulation of colloids. 
The precipitation of alum first approaches completion near a pH 
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value of 5.4 and at such values where aluminum ions exist as such, 
color may be readily removed. This was accomplished by Norcom¢) 
who decolorized the highly colored water of the Cape Fear River by 
coagulation and clarification at a pH value of about 5.4. The effective- 
ness of color removal from water by adjustment of the pH values will 
vary with the nature of the material responsible for the staining. 
For instance, water containing colors of the humic acid type, such as 
occur from drainage of swampy or peaty areas, are frequently difficult 
to decolorize. Miller(7) studied a number of such water supplies and 
showed that these colors were largely colloidal; and cataphoresis 
studies indicated that where the coloring matter was stable (not 
coagulated) it bore a negative charge. Further, that coagulation 
and removal of color by electrolysis was effected by the cation, and 
relative efiects of different cations were found to follow Schulze’s 
rule of valence. 

With possible limitations in applying the fundamental principles 
suggested, it is concluded by Miller that, using alum as a coagulant, 
clarification was due to aluminum ions and that “‘alum floc,” effective 
in clarifying turbid water, had an unimportant réle in the removal of 
colors of the humic acid type. It was shown that decolorization 
could be obtained either below a pH value of 4.6 or between the values 
of 6.9 and 8.3. The reaction at the low pH values was shown to be 


between the negative color ions and the positive aluminum ions, while 
the reaction at higher pH values forms hydrous aluminum oxide 
which absorbs the color mechanically. 
Decolorization of water has also been obtained by prechlorination 
followed by alum coagulation. This is probably due to oxidation of 
e organic matter which would normally inhibit color adsorption by the 
vf flocculated aluminum compounds, and in addition the direct coagula- 
g tion of certain colloidal materials brought about by chlorination alone. 
n It is probable, also, that prechlorination accelerates color removal by _ 
of chlorination of ferrous compounds which in turn act as adsorbing © 
a colloids. This theory has been substantiated by a number of investi- _ 
rs gators who have found that under some conditions excellent color 
ol removal is efiected by the use of chlorinated iron salts. 
al Quite recently, the use of activated carbon in water purification 
fie has proved the effectiveness of such materials for accelerating color 
a- removal, and indicates promise of a practical and relatively inexpensive — 
ed procedure for speeding up the rate of decolorization of certain waters. 
at Since color in water may be due to the presence of numerous com- 
3a pounds, the successful removal of these compounds is not subject to | 
ds. any generalized form of treatment and, in the majority of cases, the _ 
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_ Detrimental Effect of Manganese: 


14 Epcar Marsurc Lecture 
design of a treating system for effecting the best results will require 
special study. This is particularly desirable in attempting to remove 
the last traces of color as required by a number of industrial processes. 


‘MANGANESE IN INDUSTRIAL WATER SUPPLIES 


Possibly there is no constituent in water more detrimental to 
industrial processes, or responsible for greater economic losses, than 
manganese. This metal is generally associated with iron but its 
removal presents a much more difficult problem than the elimination 
of iron. Losses in textile, laundry and soft-drink industries, resulting 
from precipitation of manganese, has focused attention on the need 
for adequate purification of many surface and well-water supplies 
containing an appreciable amount of this element. Although man- 
ganese has been recognized for centuries as an objectionable con- 
stituent of water, satisfactory methods for its elimination have been 
lacking. Pliny mentions manganese for bleaching glass under the 
name of “‘magnes” and considered pyrolusite, an oxide of manganese, 
as a loadstone, or a variety of magnetic iron ore. Towards the end of 
the eighteenth century, chemists generally believed that this oxide 
was essentially an ore ofiron. J. H. Pott (1740) proved that pyrolusite 
proper did not contain iron, and produced a number of salts quite 
different from those obtained with the iron oxides. 

Although manganese occurs in water less frequently than does 
iron, manganese-bearing waters are more abundant than is generally 
recognized. This is because it is usually overlooked owing to its 
similarity to iron and is therefore not generally separated in routine 
chemical analyses. As a rule, manganese is present more often in 
water from underground sources than in surface water supplies, and 
usually appears as the result of decomposition of manganiferous 
deposits by the solvert action of weak acids present in the soil or 
water. Frequently manganese is taken into solution from deposits in 
the bottom of reservoirs where stagnation occurs, a condition favoring 
the production of hydrogen sulfide, carbon dioxide, and other com- 
pounds which act as solvents on the manganic ore. Unlike iron, 
manganese has a multiplicity of valences and is capable of performing 
the functions of an acid as well asa base. The frequency of manganese- 
bearing waters in some sections is indicated by a number of recent 
surveys. The New Jersey Department of Healthis) found that the 
manganese content in 238 of the potable water supplies of that state 
ranged from 0.03 to 0.20 p.p.m. In Illinois Corson@) reported that 
out of 147 waters from wells, 60 
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0.03 to 2.8 p.p.m. Of 10 spring waters, 6 contained no manganese, 
while 3 contained 0.40 and one 7.8 p.p.m., while 11 of the 16 streams 
examined contained manganese in amounts of from 0.02 to 0.09 p.p.m. 

The most notable occurrence of manganese in water was the so- 
called ‘‘manganese calamity” of Breslau, Germany, in 1906q0). The 
Oder River rose and overflowed the well field, increasing the iron 
content to 440 p.p.m. and the manganese content to 220 p.p.m. This 
load far exceeded the capacity of the iron removal plant, and manga- 
nese and iron both passed through the filters, requiring the temporary 
abandonment of the supply. The generally accepted explanation of 


TABLE J.—MANGANESE CONTENTS.! 


Ground Waters Surface Waters 
Locality Manganese, Locality Manga »se, 
p.p.m. p.p.m 
0.07 Amsterdam, Holland.................. 0.30 
3.4 to 53.4 § Boston, Mass. (Metropolitan)*......... 0.01 = 
trace to 220 Branchville, 
0.41 Brockton, 0.01 
many 1.50 Columbus blo Hive). 0.22 
i 0. iverpoo io (Ohio River)...... 
Rocks, Pa. (Pittsburgh Suburban Jersey City, 
Middleboro, Mass. (avg.).............. 0.67 New York City (Croton System)....... 0.03 to 0.10 
I sine tcacesncescshewan 0.004 to 0.56 | Oakland and Berkeley, Calif........... less than 0.10 
Stettin, Germany...................... 5.22 Phillipsburg, N. 0.04 
Wanaque, N. J. (Wanaque Reservoir)...| 0.00 to 2.5 
wn, Ohio (Meander Creek)... . 0.22 


* Results by courtesy of H. W. Clark, Chief Chemist, Massachusetts Department of Public Health. 


this unusual condition was that during the preceding dry period, the 
manganese in the peaty top soil had dissolved as a sulfate, and the 
high water which followed readily leached the soluble manganese salt 
into the water-bearing strata below. Some idea of the relative 
manganese content of ground and surface waters in this country and 
a few European cities may be obtained from Table I. 

The most acute industrial problems experienced from manganese- 
bearing waters have occurred in laundries, in dyeing and in textile 
establishments and in the soft-drink industry. At Baltimoreu, 
serious difficulty developed from bleaching yarn and a similar condi- 


1R. S. Weston, “Manganese in Water, its Occurence and Removal,” Journal, Am. Water Works 
Assn., Vol. 23, No. ne 1273, 1374 (1931). 
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tion was described by Goldthwaiteaz). The manganese “epidemic’”’ 
in Baltimore in 1924 seriously affected the laundries and caused 
appreciable losses before the cause of the trouble was identified and 
controlled. At first the laundry owners believed the trouble was due 
to iron and cleaned and renewed piping systems in their plants. 
This conclusion was reached since certain fabrics went through the 
laundry process with practically no stains, while others stained badly _ 
and greasy rust spots developed on much of the laundered material. Ls 
It is common practice in many laundries to pass fabrics through a 
bleach at the end of the washing process. White dresses and uniforms _ 
stained first around the collars and cuffs where such garments come in © 
contact with the body, but no fabrics were entirely free from staining. _ 
When the cause of the difficulty was located, the problem was con-— 


completed the wash in a slightly acid solution before bleaching. The % i: 
majority of the laundries used oxalic or other acids. Clothes washed _ 
at home were but little affected since strong caustics and bleaches 
were not used. The staining of white enameled fixtures was ae 
in the kitchen where grease was present. In 1925, a comparable 
manganese problem developed in New York City. Many on oll 
suddenly complained of spotting clothes and staining of =. 
fixtures. Haleas) found that the difficulty was due to the presence 
of manganese to the extent of 0.08 p.p.m. in the water supplied from | 
the Croton reservoir. 
Although the laundry industry has probably experienced the 
greatest amount of difficulty from the use of waters containing mane 
ganese, bleaching and textile mills also have been affected seriously. 
This is particularly the case in communities supplied with soft water — 
containing small amounts of manganese. Rayon mills have likewise 
suffered from “manganese plague.” 
Although various writers mention instances of deposits of man- 
ganese noted in water mains before 1896, it was probably not at 
that year that an analytical determination of manganese in ground | 
water was made). This test received little attention until oa 
when the City of Breslau) experienced serious trouble with its il 
pal supply. 
Black slimes were reported in the system of Newcastle-on-Tyne, a 
England, in 1880q5); and Raumeras) records manganese-bearing in- 
crustations in pipes in buildings in Bavaria, and in the wells supplying 
water for use in breweries in Fiirth and in Kulmbach, Germany. The 
first case in America was reported in 1898 in a well at a textile mill i in 
New Englandao). 
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Removal of Manganese: 


At the time of the Breslau experience, there were two distinct 
schools of thought concerning manganese removal from water; one was 
based on biochemical and the other on inorganic processes. The in- 
organic process for the removal of manganese from water by chemicals 
was based upon the original discoveries of Berzeliusi1); Tillmans«a), 
in 1914, established the value of this method. The biochemical 
process depends upon the activity of certain types of thread bacteria 
to eliminate manganous or manganic salts. Molischaz) first observed 
manganese on one of these organisms and by 1910 six species had 
been identified. Later many others identified certain specific organ- 
isms of this groupa7,1s,19,20). These and later studies received impetus 
through iron accumulations causing difficulties in a number of munici- 
pal water supplies in Europe. A scientific controversy centered 
primarily on the question of whether these bacteria needed iron in 
body processes or whether iron was merely a waste product, and 
secondly, whether the organisms benefited from the energy created 
in the breaking up of the compound attacked. 

Jackson) studied the precipitates in the water distribution 
system of Newton, Mass. In these deposits, containing high manga- 
nese, he found a bacterium resembling Crenothrix polyspora Cohn, 
but it was broader and had thicker walls. Thinking it a new species 
he named it Crenothrix Manganifera Jacksonii. ‘This bacterium is 
referred to in numerous water supply publications of recent years. 
Schorlera7) and Ellis), however, later showed that this organism is 
the same as Crenothrix polyspora Cohn, and that it actually prefers 
manganese bicarbonate and grows larger than when dependent on 
iron bicarbonate alone. 

A fairly large group .2z,23,2) of manganese-depositing organisms 
have been identified and their biologica’ functions in the precipitation 
of manganese have been classified. 

In addition to the removal of manganese by biological processes, 
a number of purely chemical methods have been developed and used 
successfully. Manganese has been eliminated from water by the 
removal of carbon dioxide by chalks), followed by filtration through 
pyrolusite. Carbon dioxide undoubtedly inhibits the removal of 
manganese from water and prevents precipitation, and certain organic 
materials also act as inhibitors for the precipitation of, the metal. 
Manganic waters high in CO, have been successfully treated by 
relatively long aeration through coke beds followed by removal of the 
insoluble manganese salts by subsidence and filtration. It has been 
demonstrated by a number of investigators that catalysis may play 
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a part in the removal of manganese 2s,27,28,29,30,31 iaediaeeaieaaiti This 
theory, advanced by Corsongs), is that the lower oxides are formed by 
the action between manganous compounds and manganese dioxide. 
7 There is indisputable evidence that the precipitation of manga- 
nese from waters is greatly influenced by the hydrogen-ion concen- 
| tration and its control. The author has observed that carbon dioxide, 
rf ie organic matter and manganese hold iron in solution and that by 
Ps, precipitation of the iron salts manganese is likewise precipitated. On 

| ~ the basis of this theory, iron and lime are frequently substituted for 
p other coagulants for the removal of manganese from some waters. 
It has been demonstrated that deposits of manganese in pipe lines 
generally contain an appreciable quantity of precipitated ferric salts. 
This has been reported by Sale), who demonstrated that deposits 
in pipe lines in Pierre, S. Dak., contain approximately 44 per cent of 
manganese and 8 per cent of iron. The water in the system contained 
only from 2 to 3 per cent manganese. It is probable that these 
deposits were not associated with biochemical processes but with 
changes in pH value, since the heaviest deposits were near the wells 
and the precipitation occurred rapidly after the water entered the 
distribution system. 

Westona calls attention to the fact that, while hard water 
high in iron is relatively easily purified, soft waters low in iron and 
pH value but high in organic matter are difficult to purify. All acids, 
including carbonic acid, interfere with the precipitation of iron and 
manganese. Consequently it is necessary to provide for correcting 
the pH value of waters containing these metals as an initial step in 
purification. With waters of peculiar organic composition, especially 
those from beneath alluvial deposits or marshy areas, aeration for 
removal of CO, can be carried so far as to make it impossible to 
coagulate the oxidized iron before filtration. These phenomena have 
been noticed at Reading, Mass.; Superior, Wis., and other places. 

5 al Not all organic matter interferes with the precipitation of iron 

| ey _ and manganese. Weston) has found that organic matter from deep 
i wells in geologically old deposits tends to assist in their removal, and 
in turn the iron causes the precipitation of the organic matter. New 

oe matter, such as extracts of fallen leaves and grasses, has been 

- to delay iron precipitation while extracts of lignite and some 
‘peats assist. 

The recognition of the importance of removing very small quanti- 
ties of manganese from waters is of relatively recent origin. The 
_ pioneers in the development of processes for the removal of both iron 
and manganese and in studies relating thereto have already been 
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mentioned. Iron removal processes were developed earlier and the 
number of plants is increasing. A notable deficiency in the knowledge 
of the manganese content of most water supplies and of the difficulties 
caused by relatively minute amounts in water is undoubtedly respon- 
sible for the scarcity of manganese removal plants. 

Sawyers), in a discussion of a paper by Frisk), concludes that 
there are two distinct approaches to the problem in the treatment of 
a water containing iron or manganese, or both, as is usually the case 


Dota by RS, Weston 
Lota by S.T. Powell 
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‘Fic. 4.—Curve Showing Removal of Manganese and Iron 
pasha 3a at Various pH Values of the Treated Water. 


where rapid sand filters are involved. One process is planned to 
maintain a pH value such that the iron and manganese will remain 
in solution. The other provides for complete oxidation of the iron 
and manganese before filtration. The first process is applicable to 
waters containing only moderate amounts of iron and manganese, 
having, preferably, a pH value of not more than 7.5 and certainly not 
above 8.0. This limitation of pH value is sufficient to prevent oxida- 
tion of iron and manganese accumulations in the filter sand and in 
the distribution system. 

Patrick, at Luke, Md., has been successful in keeping manganese 
in solution by maintaining a pH value below 8.5. Above this value 
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manganese is precipitated in the mains. The precipitation of manga 
nese varies widely with pH value of the treated water and is influenced 
by a number of factors. Generally, however, the rate of agglomera- 
tion of manganese and removal by subsidence and filtration is effected 
at higher pH values than is required for the deposition of iron salts. 
This is illustrated by the curves shown in Fig. 4. 

At Providence, R. I.«s), treatment of a soft, colored, impounded 
surface water with alum was changed in 1931 to treatment with 


Fic. 5.—Sample of Sand, Showing Reduction in Volume 


4 ~ ae (a) Sand coated with manganese. 
‘ (b) Same volume of sand after cleaning. 


ferrous sulfate and lime. This necessitated cleaning of the filter 
sand with from 1 to 1.4-per-cent caustic soda solution to remove 
accumulations of organic matter containing iron and manganese 
(Fig. 5). Since May, 1932, chlorinated copperas and lime have 
replaced the ferrous sulfate and lime treatment. For economic 
reasons, anhydrous ferric sulfate has since replaced the chlorinated 
copperas treatment. Since iron coagulants have been used at Provi- 
dence, the sand has remained in excellent condition. 


AY + Resulting from Removing Manganese Dioxide Coating. Seite 
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Ferrous sulfate and lime has been used successfully for the 
removal of manganese at Baltimore, Md., for a number of years. 
Maintenance of an alkalinity in the mixing basin equivalent to a pH 
value of 9.0 has been found necessary by Hopkins«s) to produce 
maximum flocculation and complete manganese removal. Studies 
with ferrous and ferric salts gave similar results, indicating that the 
phenomenon is selective surface adsorption by the hydrated ferric 
oxide floc. Hopkinsa7) contends that manganese may be converted 
to the hydrated oxide by the action of air or dissolved oxygen in the 
water, and that reaction with alkali produces this compound. Coagu- 
lation with iron and lime is believed to proceed at the high pH values 
in two systems. It is suggested that the manganese is adsorbed by 
the ferric oxide, but since hydrated manganous oxide is also present, 
this substance adsorbs colloidal manganese particles, giving a double 
value to the treatment; and, since the ratio of iron floc to manganese 
floc is high, most of the work is done by the iron. It is Hopkins’ 
claim that the adsorption of the hydrated manganous oxide floc 
explains the action of sand, gravel or coke trickling removal in con- 
junction with aeration treatments. 

Generally speaking, aeration, contact with precipitated hydrate 
and organisms in a contact aerator, followed by filtration through 
sand, appears sufficient to remove manganese from most water. Soft 
waters, low in iron and pH value and high in new organic matter, 
present many difficulties. At Lowell, Mass., for instance, aeration to 
a high degree appears to form a resistant combination of manganese 
and organic matter. Hard waters, high in iron, appear relatively 
easy to demanganize. The present tendency is toward the upward 
flow type of contact aerator such as Pirnieas) has in use at Long 
Beach. ‘This type offers a longer period of contact in addition to 
saving in head and ease of cleaning. Storage before filtration, 
especially with gentle agitation, has been found to be helpful and even 
take the place of contact bodies. The plant at Brookline, Mass., 
where the trickler effluent passes through narrow channels at a mod- 
erate velocity to the filters, has given excellent results. 

While manganese zeolite, regenerated with sodium or potassium 
permanganate, may be successful, chemical methods in common use 
are more frequently applied. As a rule, methods designed for iron 
removal, with allowances for slower oxidation of manganese and the 
maintenance of higher pH values in the treated water, will prove 
satisfactory in most cases. Zapffe4) studied the fundamental prin- 
ciples involved and developed an experimental plant, where it was 
shown that manganese could be removed without bacteria or chemicals. 
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In a description of the process, he showed its application to the 
deposition of certain geological formations of large scale. It was 
believed that in the water mains bacteria begin depositing manganese 
which ultimately assumes the form of manganese dioxide. It is in- 
ferred that thenceforth manganese in solution is removed by inorganic 
catalysis under slightly alkaline conditions at pH values of 7.2 to 7.3. 

The plant is based on this principle and provides for the use 
of pyrolusite (containing about 70 per cent manganese dioxide), coke, 
basic rock, and filtration. The water is forced upward through the 
finely ground pyrolusite and is thence sprayed on to a bed of small 
size coke resting on a thin layer of crushed basic rock. The coke 
es beds remove 80 per cent of the iron and manganese by conversion of 
i manganous hydroxide, formed by catalysis in the excess air or oxygen, 
to stable manganic hydroxide and finely divided manganese dioxide. 
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The open filter is built of crushed basic rock, to help promote alkalinity, 
and covered with fine silica sand. It is assumed that iron and manga- 
nese bacteria collect and propagate in the several units, providing 
for some biochemical assistance. 

Difficulties have been experienced in filters of water treatment 
works through re-solution of removed manganese in idle filters and 
in the clogging of aqueducts and mains. Chlorination has practically 
solved these problems. ‘This form of treatment is practiced at the 
Beverly Hills, Calif., water-softening and sulfur-removal plant for 
the elimination of “mud balls” produced by manganese deposition. 
The chlorine treatment disintegrated the mud balls, thus indicating 
that superchlorination destroys the growths associated with manganese 
deposition. Hale’s(so) observations in 1928 reported chlorination as 
effectively removing and controlling manganese accumulation in New 


York City’s aqueducts. 
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Recent experience in controlling chlorination of public water sup- 
plies has demonstrated the necessity of determining the manganese 
content of water in order effectively to control sterilization of such 
supplies and to afford the required protection against bacterial infec- 
tion to domestic consumers. It is common practice to regulate 
chlorine dosage by maintaining specific amounts of residual or free 
chlorine in the treated water, then testing the chlorinated water with 
ortho-tolidine solution. 

Manganese reacts also with the latter chemical, so that where 
manganese is present, modification in this essential test must be made 
to secure accurate results. 

Manganese has been removed effectively from waters by means 
of manganese zeolites. These materials are primarily sodium zeolites 
which have been treated with manganous chloride to convert them into 
manganous zeolite. The reactions occurring may be written as 
follows as quoted from Appelbaum and Bretschger«s): 


+ MnCl, = MnO-Z + 2NaCl 


MnO-Z + aNaMnO, = Na,O-Z + MnO-Mn,0; 


where Z indicates zeolite. The higher oxides of manganese formed — 
in the second reaction are really carried by the zeolite on the surface 
of the grains. The zeolite proper acts as an active carrier and catalytic 
reagent. The oxides themselves do the work of iron and manganese 
removal. These oxides give up oxygen to the water for the neces- 
sary oxidation reactions, thus: 


Na,O-Z + MnO-Mn,0; + 2Mn(HCO;), = Na,O-Z + 5MnO; + 4CO, + 


After the higher oxides have given up most of their available oxygen 
in this manner, they are reoxidized by passing permanganate solution 
through the bed. The amount of permanganate required is about 
0.01 lb. per 1000 gal. for the average water.” 

Removal of manganese by the zeolite process has been fairly 
widely practiced both in this country and in Continental Europe but 
has not been used as extensively as other purification processes. 


‘TREATMENT OF WATER FOR USE IN BOILERS 


There has been a marked trend in recent years toward the use 
of higher pressures and temperatures in steam generating units. This 
is graphically illustrated in Fig. 6. Such conditions have focused 
attention sharply on specifications for satisfactorily processed water 
to cope with the critical condition imposed. This has necessitated 
drafting the services of the physicist and colloid chemist, the metallur- 
gist, petrographer and of others in allied groups. Intensive operation 
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formation, of little importance under less severe conditions. It is the 
purpose of feed water treating systems to eliminate scale formation on 
heating surfaces and to inhibit corrosion and embrittlement of the 
boiler shell. The result should be obtained without increasing the 
priming and foaming characteristics of the boiler-water salines. 

The problem of deposition of boiler scales is primarily one of the 
solubility of salts at elevated temperatures. Although there are many 
data available on the solubility of salts in aqueous solutions at relatively 
moderate temperatures, there is a dearth of such equilibria data at 
elevated temperatures. Even when available it is seldom possible to 
relate the values of those occurring in concentrated boiler-water 
salines. The necessity for the collection of such data has been respon- 
sible for the inauguration of the several research programs now in 
progress for the solution of these and correlated problems. 

The control of deposition of incrustations on heating surfaces of 
high-pressure boilers involves an intimate knowledge of thermo- 
dynamics and crystallography, and the influence of temperature, 
pressure and solubility coefficients of complex solutions on crystal 
formation. The most plausible explanation of the deposition of 
solids in boilers is that advanced by Dewrance.sz) and later by Part- 
ridge ss): 

The observations of the latter are quoted verbatim since they 
represent the most plausible explanation of this phenomenon: “Scale 
deposition and growth on the heating surfaces of boilers is due chiefly 
to the fact that certain slightly soluble substances become less soluble 
with increase in temperature. Some initial deposition of scale crystals 
by sedimentation, or by trapping in surface irregularities may take 
place in boilers of the horizontal return tubular or marine types, but 
it is probable that scale formation in the tubes of water-tube boilers 
is due to an entirely different action. 

“The initial deposition of scale crystals is generally the result 
of crystallization at the boiler surface from a solution which is super- 
saturated with respect to the scale-forming substance. The whole 
body of a boiler solution constantly tends toward a state of super- 
saturation as steam is removed; in addition, since scale-forming 
substances decrease in solubility with increase in temperature, the 
film of boiler water adjacent to a heating surface tends to be super- 
saturated even when the body of the solution is only at the saturation 
point. Supersaturation in the liquid film at the heating surface may 
be relieved by spontaneous crystallization, possibly promoted by 
irregularities in the surface, even when no vaporization is taking place. 
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When bubbles are being evolved at the heating surface, however, the 
excess solute is deposited as minute crystals in rings directly at the 
solid-liquid-vapor interfaces formed by the metal surface, the boiler 
water, and the bubbles forming in contact with the surface. This 
latter action undoubtedly accounts for the deposition of practically 
all of the initial scale nuclei on boiler surfaces at which actual vaporiza- 
tion of water is taking place. 

“The growth of scale following initial deposition of crystal nuclei 
may proceed in either of two ways. The existing crystals may grow 
by contact with the supersaturated liquid film with which they are 
continuously in contact. If these crystals are removed from contact 
with the solution, as by the adsorption of a film of a colloidal substance 
present in the boiler water, further deposition of new crystals super- 
imposed on the previous deposit may take place as the result of 
bubble evolution. In the first case the resulting scale will consist 
chiefly of relatively large continuous crystals oriented more or less 
perpendicularly to the heating surface; in the second case, the scale 
will consist of relatively small crystals with a random orientation.” 

The growth of such deposits is undoubtedly accelerated by the 
effect of skin friction at the surface of the tubes, since the velocities 
along the tube wall are much less than toward the center of the tubes. 
This latter phase in the mechanism of scale growth has not been 
studied by investigators but the author’s recent experiences would 
indicate that it has a marked accelerating effect and accounts for the 
deposition of many forms of silicate scale which might not otherwise 
develop in the presence of very small amounts of siliceous materials 
present in the feed water. Since scale laid down in boilers is the 
result of the deposition of minerals at high temperatures and pres- 
sures, the phenomena are comparable to geologic formation, confirma- 
tion of which is clearly apparent through petrographic identification. 
The application of petrographic procedure for critical studies of in- 
dustrial water has revealed a close similarity between many sedimen- 
tary and igneous deposits occurring in nature and synthetic deposits 
in modern boilers. 

Determining the composition of boiler scales by quantitative 
chemical analyses has always been, and still is, widely practiced. 
Such analytical procedure serves a useful purpose by determining the 
type and quantity of various constituents present in the deposits 
under examination but, beyond this, little accurate information is to 
be gained by such an analysis. It is impossible, from these data only, 
to determine the density or porosity of the deposits, the exact min- 
er classification of the material, or any other essential informa- 
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tion relating to its formation, structure or physical properties. Such 

analyses are merely arbitrary mathematical combinations of the 

specific elements recorded. They may or may not indicate the type 


of material deposited, depending upon chance and the intelligence 
_ and experience of the observer. Such analytical reporting, unless 
confirmed by physical, microscopic or crystallographic examination, 
will give little specific information concerning crystal formation or 
variation of crystal growth of one type of deposit upon another. 
Chemical analyses of boiler scales are useful, primarily, for determin- 
ing the presence of various elements or as supplemental to other 
physical or petrographic data. Beyond this, such analytical procedure 
is of little value. 

Supplementing ordinary chemical analysis by petrographic 
_ studies will identify the crystallographic structure and reveal essential 
information about the development and physical properties of such 


— By critical petrographic examination of crystal growths 


on boiler surfaces much specific information is obtainable as to the 
influence of the primary water-conditioning processes and the result- 
ing solubility equilibria under the existing thermal conditions. 
Petrography is the systematic and descriptive side of the study 
of rocks. This may be accomplished by microscopic examination of 


_ minerals of thin section or by determining the optical constant of the 


powdered specimen in a liquid medium, whose indices of refraction 
are known. Examination of scales in thin section requires careful 
preparation of the specimen. The sample to be examined is ground 


- smooth on the surface and cemented to a microscopic slide in the 


Canada balsam. The exposed side is then ground and polished with 
successively finer abrasives until it is about 0.03 mm. thick and the 
faces are accurately parallel. The wafer is finally transferred to 
Canada balsam on a clean slide, and covered with a thin cover-glass. 


_ There are about twelve major specifications that characterize minerals 


(fewer in simple cases) and for the 1200 to 1500 known minerals these 
have been determined and tabulated. In practice the crystalline 
compounds encountered are less numerous, and the determination 


: of a few properties may suffice. The petrographer applies these 


criteria in turn until the mineral is identified. The instrument used 
for identification is a specially designed high-grade compound micro- 
scope, with additional parts which make it possible to examine a 
sample in plane polarized light. 

The immersion method consists of immersing the powdered 
mineral in a liquid medium whose indices of refraction are known 
and determining its optical constants. 
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The Characteristic Properties of Minerals: 


The atoms and ions of crystalline solids are rigidly fixed in a sort 
of three-dimensional lattice, which has characteristic angles and 
dimensions. All crystals are made up of tiny geometrical forms 
which crystallographers have classified into systems according to their 
symmetry and to the number and disposition of their axes. The 
regularity of fine-structure is not often seen in large crystals because 
of environmental modification, but it gives rise to physical and 
especially optical properties that are periectly definite. These include 
opacity, transparency and color, index of refraction, shape and form, 
and cleavage planes. 

Observation of thin-section specimens, under low magnification, 
reveals a mosaic of geometrical shapes, needles, veins, and preserved 
fossils depending upon the mineral under examination. The identi- 
fication of the structure and growth development of mineral deposits 
occurring at low or elevated temperatures is entirely practical by 
the petrographic method. Such procedure is obviously unduly costly 
and too time consuming for routine control. It has merit for the 
identification of deposits in high-pressure boilers, in turbine and 
superheater tubes or in other industrial conditions requiring special 
control. By correlation of such crystal growth with boiler water 
conditioning and operating data, procedures for inhibiting scale 
deposits may be developed. 

There are few crystallographic data on complex boiler scales 
with the exception of studies of calcite, aragonite, anhydrite and 
brucite. Much is still to be learned concerning the nature and deposi- 
tion of the many complex silicates and other minerals before accurate 
water-control procedure can be assured. To carry on such work 
intelligently requires trained workers and adequate microscopic 
equipment for identification and interpretation. Recent studies in 
this field have revealed many interesting and instructive crystalline 
forms which formerly defied accurate identification by other analytical 
procedure. Deposits removed from runners of a hot-water pump 
indicated on chemical analysis that they consisted primarily of 
calcium carbonate but without the characteristic appearance of 
aragonite or calcite. The material was very hard and porous, occur- 
ring in dark-brown laminated sections. By petrographic study in 
thin sections it was readily identified as calcite which was contami- 
nated with opal, a hydrated silicate, and it contained also occluded 
organic matter. ‘Serious tube difficulty developed from scales in a 
high-pressure boiler within one month after the installation was 
completed. The deposits, identified as laminated calcite, anhydrite 
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and opal, caused much difficulty due to their porosity resulting in 
what amounted to steam blanketing with poor rates of heat transfer 
and localized overheating. Possibly the most interesting type of 
scale identified by petrographic analytical method is analcite. A 
description of this deposit, although reported elsewhere, is given 
here because of its unusual properties: 

“This silicate is one of the zeolite groups having many interesting 
properties. According to Doelteriss) analcite, a double silicate of 
sodium and aluminum (Na,O-Al,0;-SiO.) will form whenever the 
components exist in a closed system between temperatures of 180 C. 
and 430 C. (350 F. and 800 F.). The temperature of the boiler water 
from which this scale deposit was taken was 290 C. (550 F.), but the 
temperature of the tube surface was not known. Above the upper 
temperature limit of 430 C. (800 F.) analcite is said to pass into an 
hydrous compound (Nepheline) of the formula NazO-Al,O3-2SiOx. 
Below the lower limit of 180 C. (350 F.) analcite passes into Natrolite, 
another zeolite, 

“Analcite is not a rare mineral in regions of volcanic rocks. It 
is frequently found in fissures and cavities in lavas, often in fine 
crystals. Its origin is in the hot aqueous solution that marks the 
final phase of volcanic activities after the magmatic solutions have 
reached a moderate temperature and pressure. Artificially, analcite 
has been made in various ways, such as heating sodium hydroxide or 
silicate in a sealed aluminum glass tube at 180 to 190 C. (355 to 
375 F.) for 18 hr.ss). Schultenss) prepared synthetic analcite by 
mixing solutions of sodium silicate and sodium aluminate in such 
proportions that the alumina and silica were the same as in analcite, 
adding a suitable amount of lime water, and heating in a sealed copper 
tube at 180 C. (355 F.). After 18 hr. he obtained crystals of analcite 
of the following compositions: ==> 


i; ARTIFICIAL ANALCITE NATURAL ANALCITE 


100.0” 


i a It is to be noted that the lime water has no other function than 

to facilitate the crystallization. Viewed through a microscope the 

surface of analcite is seen to consist entirely of well-defined faces, 

showing typical cubes and trapezohedrons. The crystal faces com- 

prising the oe surface of the scale are referable to the cube and 
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the trapezohedron, the most frequent of the forms shown by analcite. 
At an early stage in the deposition of the scale, the cube is built up in 
skeletal crystals, these cubic edges are truncated by the trapezohedral 


Fic. 7.—Photomicrograph of a Thin Section of Analcite Scale Showing Dominan 
Trapezohedral Faces 100). 


ete Fic. 8.—Photomicrograph of a Thick Section of Analcite Boiler Scale Parallel to 
Surface of Deposition of Scale, Showing Orientation of Submicroscopic Impurities 
than at Intersection of Crystallographic Planes (> 100). 


faces, and these grow until the advanced stage shown in the last 
aces, figure. This is apparently a state of crystallographic equilibrium, 
com- since there is no further advance to the simple trapezohedron by 
and further replacement of cubic faces. These conditions are illustrated 
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- in Fig. 7. Charles Milton" in describing the condition of deposition 

states: ‘“‘When the solution is very concentrated and alkaline, the 
i crystals form trapezohedrons, under other conditions cubes.” A 
typical example i is shown in Fig. 8 showing dominant trapezohedral 
faces identified in thin sections. A different view of the same forma- 
tion is illustrated in a photomicrograph of the same thin section 


Fic. 10. —Analcite (Transverse Section) and Gypsum-Clay Aggregates 
from Superheater Tube Deposit (X 35). 


parallel to the surface of deposition of the scale and shows orientation 
of submicroscopic impurities at the intersection of the crystallo- 
graphic planes. 

Several growths of dendritic copper crystals were found in the 
deposit; the presence of which had previously been determined by 
chemical analysis amounting to 2.1 per cent of copper oxide. A 
reproduction of these copper crystals is shown in Fig. 9. It was be- 


9.—Dendritic Copper Crystals from Mud Drum Deposit (X 35). 
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lieved that the crystals of metal copper were due to the reduction of 
copper salts, in the boiler-water salines, to a metallic state. The 


could occur with the deposition of metallic copper with an = cneenel 4 it 
solution of iron. la 

At times these deposits are laid down as conglomerates, several Brie - 
deposits occurring simultaneously. These phenomena are clearly — ao 
the result of solubility equilibria together with occluded substances. oe 
Such a deposit is shown in Fig. 10. This photograph was made of . 
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Fic. 11.—Showing Geographical Distribution of Boiler Plants Where Boiler Failed 
from Caustic Embrittlement Since 1930 as a Result of Improper Conditioning 
of Feed Water. 
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thin section and shows gypsum-clay aggregates in the presence of 
typical analcite. The deposited scale was removed from a superheater 
tube. 


Influence of Concentrated Boiler-Water Salines on Cracking of Boiler 

Steel: 

For more than twenty years the embrittlement of boiler steel by 
the use of unbalanced waters has been recognized and many failures 
from this action have occurred. Notwithstanding the wide distribu- 
tion of data indicating the causes and correction of these difficulties, 
failures continue to occur. Since 1930 embrittlement of boilers has 
been detected in about sixty steam-generating stations involving a 
partial or total failure of approximately 175 boilers. The estimated 
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—_ + cost of the replacement of or repairs to the equipment resulting from 
this form of cracking of steel has been not less than $800,000. A 


lz a conservative estimate of the total value of the boiler equipment in ] 
: the plants affected during the period noted is close to $5,000,000. ( 
Such losses have not been limited to any geographical section of the ‘ 
country, as is indicated by the distribution in the various states, P 
shown in Fig. 11, nor have they been restricted to any type of water I 
conditioning, but have occurred from all types of waters where the t 
Fr 
Th 
Fic. 13.—Section of Mud Drum Blow- 
. . Down Flange, Cracked as a Result 
Fic. 12.—Section of a. Boiler of Caustic Embrittlement. pr 
Plate Cracked as a Result of Specimen cleaned in alkaline solution of sti 
Caustic Embrittlement. ammonium citrate. pu 
th 


- concentrations of sulfates in the boiler-water salines has been too low 
to furnish the necessary protection against caustic attack. ha 
Briefly, caustic embrittlement is the destructive chemical attack 


by caustic soda on the boiler steel, under stressed conditions, and a 
may occur when boiler-water salines contain high concentrations of 
caustic soda and relatively low concentrations of sulfates. The - 
failure of steel occurs in areas of greatest stress. All cracks that occur be 
in boilers are not due to the use of poorly conditioned water, but where oi 
cracks develop the cause should be definitely allocated and the condi- an 
tions thoroughly investigated. The prevention of this form of destruc- to 
tive action is so relatively simple that it is difficult to conceive why al 
these costly failures should continue to develop. Adequate protection 
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will be effected by the maintenance at all times of specific ratios of 
sodium sulfate to total alkalinity. The desired ratios vary with the 
boiler pressures maintained, ranging from one of total alkalinity to 
one of sodium sulfate up to 150-lb. pressure, to as high as three of 
sodium sulfate to one of total alkalinity in the boiler-water salines _ 
above 250-lb. pressure. Although experience and extensive research 
has definitely indicated that water conditioned as indicated will provide 
the necessary protection, the mechanism of the protective action is 
still somewhat vague. The experimental studies begun in March, oe 
1933, and still in progress at the Non-Metallic Station of the U.S. 
Bureau of Mines, at New Brunswick, N. J., were undertaken for the “a 

purpose of determining specifically the function of sodium sulfate in 
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The sleeve has an aperture through which the eye of the magniscope sees the surface of the hole. ia 
camera rests on a bracket which affords accurate alignment. ‘ks 
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preventing corrosive attack of the steel. This investigation, and similar 
studies conducted elsewhere since 1912(s7, are primarily for the 
purpose of establishing the solubility equilibria of sodium sulfate in 
the presence of caustic soda and in other concentrated boiler-water 
salines. To date the complete solubility curve of sodium sulfate has 
been determined. This research has indicated that sodium sulfate 
may exist in four forms between 0 and 350 C. (32 and 660 F.). The 
regions of stability and their solubilities has been established. 

The destruction of steel by embrittlement is insidious and fre- 
quently when discovered has advanced so far as to require abandon- 
ment of the boilers. If the caustic action is limited to riveted holes 
and discovered in time, the holes may be reamed and over-size rivets 
used. Frequently, however, steel has been so seriously damaged as 
to require complete replacement of the boiler drums or the entire 
unit. The characteristic appearance of steel subject to caustic 
embrittlement shows fine hair cracks radiating into the metal from 
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the periphery of rivet holes (Figs. 12 and 13). In the advanced stages 
the cracks may carry continuously from one rivet hole to another. 
In one installation, examined recently, a section of plate was crackad 
for a distance between 48 rivet holes. 

It is a costly undertaking to dismantle completely a boiler 
suspected of damage by caustic embrittlement. It is customary 
where embrittlement is indicated to remove one or more rivets and to 


bas Lies 


Fic. 15. of Boiler Steel by Means of the ont) 


Top—Locating a crack. 
Center—Photographing. 
Bottom—The Photograph. 


examine carefully the suspected damaged area of the plate. An 
ingenious appliance! for making such an inspection has been developed 
and put into practical use. The apparatus, shown diagrammatically 
in Fig. 14, consists of a magnifying periscope attached to a suitable 
camera. For examination, the section of plate at the rivet holes is 
thoroughly cleaned and etched with acid. The section under examina- 
tion is illuminated by a flashlight and if cracks are noted they may be 


1 Designed by J. P. Morrison, Assistant Chief Engineer, Hartford Steam Boiler Inspection and 
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photographed. Reproduction of a cracked plate and the position of 
the camera in place for operation is shown in Fig. 15. 


Corrosion of Iron and Steel in Steam Generating Stations: 


The control of corrosion of ferrous and non-ferrous metals in all 
steam stations is a major problem requiring intimate knowledge of 
the fundamental causes of such action. So many factors influence 
corrosion that there can be no single remedy, and each case must 
be diagnosed and controlled with regard to local conditions. Correc- 
tive measures depend, therefore, on (a) an intelligent analysis and 
evaluation of the factors involved, and (0) specific correction and 
control of conditions responsible for the losses sustained. 

Many theories have been advanced to account for the corrosion 
of metals. The electrochemical theory, now generally accepted, was 
suggested about thirty years ago by Whitney;ss) and has since been 
confirmed by experience and subsequent investigation. Briefly stated, 
the explanation is, that ss): 

‘* All metals in contact with water have a specific solution tension, 
that is, they exert the power to go into solution. When this reaction 
takes place, the metal that has dissolved in the liquid is in the form 
of ions.t This action may take place when the metal and water are 
chemically pure. Under these conditions, the rate at which the metal 
dissolves is very slow. The solution tension is influenced greatly by 
impurities in the metal and in the electrolyte. The solution of pure 
iron in water, according to this theory, takes place in the following 
way: 

‘Tron dissolves only by displacing another metal which is already 
in solution in the electrolyte. This may be noted by submerging iron 
in a copper solution. When this is done, the iron goes into solution 
in the electrolyte and the copper is deposited upon the iron. 

“Water (H,O) ? when ionized forms hydrogenions H * and hydroxy] 
ions OH~. The iron in contact with the water goes into solution as 
ferrous ions, and an equivalent number of hydrogen ions (the hydrogen 
being considered a meial) are discharged and plated out upon the 
surface of the iron. The ferrous ions in contact with the OH ions 
form ferrous hydroxide. In the presence of oxygen, ferrous hydroxide 
is oxidized to ferric hydrate. 

“When the hydrogen deposits upon the surface of the iron the 
metal is polarized, and no further corrosion of the iron results until the 


1 Atoms or atom groups carrying charges of static electricity. If the ions have a positive charge, 
they are termed “cations,” and if they carry a negative charge, “anions.” 
? For the purpose of ilustration, the formula for water may be w written HOH which ionizes to 
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layer of this gas is removed. In the presence of oxygen, the hydrogen 
is removed by combining chemically with the oxygen to form water. 
The hydrogen may be removed also by passing away as gaseous 
hydrogen. In these ways, the hydrogen is removed as it forms and 
the corrosion is progressive. 

“Tn the presence of oxygen, the iron that has gone into solution 
in the water in contact with the metal is readily oxidized, forming 
insoluble compounds. As these deposits occur, the corrosive action is 
somewhat retarded, since they act as a protective coating to the metal. 
Corrosion of iron is not entirely prevented, however, and corrosion 
may and usually does proceed beneath rust nodules(60). 

“Practically all natural waters contain oxygen and as such are 
corrosive to a greater or lesser degree. The rate of solution is affected 
by the impurities in the metal and in the electrolyte. Because of 
these facts, the solution tension is considerably different at different 
portions of the material. The solution tension is increased in some 
areas and decreased at others. Due to these conditions, electric 
currents may flow from one area to another, the electrolyte serving 
as the conducting medium. This is equivalent to the action of an 
ordinary wet-cell battery. The metal passes into solution in the 
electrolyte at the electropositive area (the anode), the hydrogen ions 
migrating to the negative areas and the hydroxyl ions to the positive 
area.” 

From the foregoing discussion it is obvious that dissolved oxygen 
exerts a marked effect in accelerating corrosion rates. 

High concentrations of hydrogen ions tend to fhcrease the cor- 
rosion of the metal due to the fact that an increase of hydrogen ions 
raises the acidity of the solution. This in turn accelerates the deposi- 
tion of atomic hydrogen, and since atomic hydrogen deposits as iron 
ions go into solution, it follows that for each ion of metal which passes 
into solution, there is deposited or plated out one electric equivalent 
of hydrogen. Any agent which increases the rate of deposits of 
hydrogen on the metal permits an increase in the solution of the metal. 
This phenomenon is influenced by a great variety of factors, the 
importance of which varies under local conditions. Summarizing the 
results of experience and existing knowledge of corrosion phenomenon, 
the two most important factors for the inhibition of active attack of 
boilers is the control of the pH value of the feed water and concentrated 
boiler-water salines, and the completeness of deaeration of the feed- 
water supply. The establishment of maximum pH values and 
minimum dissolved oxygen concentrations of water which will insure 
complete inhibition of corrosion is difficult, if not impossible, since 


= 
J 
. 
H 
7 = 
A, 
| 
» 
i 
4 
| 
} 
| 
ihe i 
4 
Bh 
a 
4 


POWELL ON WATER AS AS AN MATERIAL 37 


many other factors influence this phenomenon. If, however, the 
residual dissolved oxygen in feed water is limited to a maximum of 
0.01 ml. per liter and the pH value of the water is maintained at 9.6 or 
higher, active corrosion will be retarded. Unfortunately, such control 
may not always be effected owing to the limitations of the available 
equipment and the specific operating conditions encountered. 


Reduction of Corrosion Losses by Deaeration of W ater: 

There has been a marked trend in recent years toward better 
oxygen removal from feed water by the development of deaerating 
heaters. Such equipment is now considered essential in all modern 
steam-station practice. Unfortunately, our analytical methods for 
determining small amounts of oxygen in water have not kept pace with 
other developments in the art. It is frequently difficult to diagnose 
accurately the primary causes of corrosion and the influence of dis- 
solved oxygen in small amounts on account of faulty analytical pro- 
cedures. It is doubtful whether oxygen in amounts less than 0.01 ml. 
per liter can be determined accurately by the existing analytical test 
procedures, so that it is difficult to determine the completeness of 
deaeration effected even in the best type of deaerating heater. 

Supplementary deaeration to remove the last traces of oxygen 
by chemical compounds is now attracting attention. The deaerating 
chemicals most used are ferrous salts, tannin compounds and sulfites. 
These chemicals have merit for clearing up the last traces of oxygen, 
but our knowledge of the chemistry involved, especially in reference 
to the velocities of the reaction, is limited. Recent investigation has 
demonstrated that the removal of the oxygen by sulfites is not directly 
proportional to the amounts indicated by the theoretical chemical 
reaction. It has been demonstrated that two or three times the 
amount of sulfite over the theoretical combining reaction may be 
required to remove a given amount of oxygen. Further, the reactions, 
contrary to general assumption, are not instantaneous. The problem 
of determining the efficacy of oxygen removal by sulfites is compli- 
cated, since at the present time there are no simple and accurate 
methods of analysis for determining dissolved oxygen in the presence 
of this chemical.’ 

A few steam stations using supplementary sulfite treatment for 
complete deaeration have reported satisfactory results. Removal 
of oxygen by sulfite or other chemicals is not advised as a substitute 
for well-designed open or deaerating heaters. Chemical deaeration 


1 Two methods for the determination of dissolved oxygen in the presence of sulfite will be found 
in Zeitschrift fir analytische Chemie, Band 90, Heft 7 and 8 (1932). These articles are entitled ‘The 
Determination of Oxygen in the Presence of Sulfite” p. 241, by L. W. Haase, and “The Determina- 
tion of Residual Oxygen, in Deaerated Sulfite Containing Feed Water, with the Help of a New Simple 
Apparatus,” p. 246, by W. Wesley. 
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£ should be considered merely as a supplementary form of treatment 
_ for the final removal of traces of oxygen and should only be applied 
where mechanical deaeration is not sufficiently complete to avoid 
accelerated corrosion. 
- Unaccountable corrosion losses may occur even after efficient 
___- deaerating equipment is installed. Frequently, these conditions are 
7 ‘< a the result of reentrainment of oxygen beyond the deaerator. 
a At times erratic oxygen results in feed water will be obtained 
2 4 although the deaerating equipment is functioning at a maximum 
efficiency. The trouble may be traced to the intermittent discharge 
of bubbles of air which accumulate slowly at the high point on the 
pump casing. In order to assure accurate sampling, it is necessary 
to remove trapped air by opening the pet cocks at the top of the 
casing above the individual stages of the pump. 

Although the determination of dissolved oxygen by the Winkler 
method is relatively simple, accurate analysis requires particular 
care in the technique employed, especially where it is necessary to 
determine oxygen in amounts less than 0.03 ml. per liter. The fol- 
lowing precautions should be taken in order to insure accurate results: 


os 1. Only chemicals free from oxidizing impurities should be used. 

[= 2. Water for making test solutions should be free from nitrites, 
sulfites, organic matter, ferrous or ferric iron. 

3. Samples should be drawn through copper tubing and all 

joints should be brazed wherever possible. 

4. Sampling cocks and unions should be made tight by shellacking. 

_ §. New lines should be flushed out 24 hr. before using. 

6. Red lead used for making joints tight will introduce a large 
error. Samples which must be drawn through such a pipe line should 
be flushed out for one or more days before the test is made. 

7. Water containing 1 p.p.m. or more of ferrous iron or 0.1 p.p.m. 
or more of nitrite nitrogen should be tested by the Rideal-Stewart 
modification 1) method. 
p;° 3 8. New rubber tubing should not be used, since appreciable 


errors are introduced from dissolved sulfur. 

=~ To what extent corrosion losses in high-pressure boilers occur as 
a result of direct oxidation by decomposition of steam is difficult to 

determine without special study. Such losses probably do occur 

where high superheat is developed. It is well known that black 

oxide of iron is formed when steam is dissociated. This takes place 

according to the following reaction: 


4H,0 + 3Fe = 4H, + Fe,0, ad 
(Water) (Iron) (Hydrogen) (Magnetic Oxide of Iron) ous 


(Steam) 
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There have been only few studies of this kind but observers 
indicated that such action is likely, although not of serious considera- 
tion. Below 750 F. (400 C.) the volume of gas production by dis- 
sociation of water is probably negligible. At higher temperatures, 
conditions may occur in which hydrogen gas is evolved at a relatively 
rapid rate indicating active corrosion. Fellows, reporting the results 
of experiments on “ The Dissociation of Water in Steel Tubes at High 
Temperatures and Pressures,”’ (62) drew the following conclusions: 

1. The rate of decomposition of metal increases as the tempera- 
ture of the surface over which the steam passes is raised. 

2. The rate of decomposition of metal decreases as the thickness 
of the oxide formed on the surface increases. There is no evidence 
that this oxide attains sufficient thickness or imperviousness to com- 
pletely protect the metal from further oxidation. 

3. For practical consideration the variation in steam pressure 
within the limits used appears not to affect the rate of decomposition 
of the metal over which it passes. 

4. The decomposition of low-carbon steel under the conditions 
of the test proceeds at a much faster rate than that of chromium- 
steel used under the same conditions. 

‘Expressed very roughly we find at steam velocities approxi- 
mately 3000 ft. per min., no hydrogen, no dissociation and conse- 
quently no oxidation of the metal from this cause. At velocities 
approximating 850 ft. per min. small quantities of hydrogen become 
evident and finally at velocities of the order of 25 ft. per min. we 
get relatively large quantities of hydrogen and severe corrosion of 
the low-carbon steel as used in these tests and of which superheaters 
are made. Since velocity of steam is an important factor in govern- 
ing the metal temperature such observations indicate the probability 
of a very definite relation between velocity of steam and oxidation 
of metal through dissociation of steam.” These observations would 
indicate the desirability of similar studies in high-pressure steam 
stations encountering corrosion losses not readily attributable to 
poor feed-water conditioning or other observed corrosion factors. 

It is fairly well known that dissimilar metals in contact greatly 
accelerate rates of corrosion resulting in localized attack of the baser 
metal. For instance, when copper and steel are in contact the steel 
will be aggressively corroded with practically no loss of copper. The 
rate of the attack will depend on the hydrogen-ion concentration of 
the electrolyte (the solution in contact with the metals), the dissolved 
oxygen present, and other factors. Since the composition of mill 
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scale is different from that of steel and iron, mill scale in contact with 
ferrous metal frequently sets up localized corrosion. Méill scale 
probably is responsible for greater localized corrosion than is experi- 
enced generally from other dissimilar metals in contact. Méill scale, 


_ which consists largely of magnetic iron oxides, is not readily attacked, 
. and when it covers the entire surface of steel serves as an excellent 


protective coating. 
The difficulty arising from mill scale is from patches of scale in 


- contact with areas of steel not so protected. Actually what happens 


is that the two materials are in electrical contact, and in the presence 
of an electrolyte an electric circuit is completed. When this occurs 
the nobler metal, namely, the mill scale, becomes cathodic while the 
steel becomes anodic. When such a condition is set up, the mill 
scale or cathodic pole is protected, since it is plated with atomic 
hydrogen, while the other metal, in this case the steel, passes into 
solution. When such action takes place in boilers or appurtenant 
equipment, the iron or steel is aggressively attacked in the form of 
pitting, the corrosion taking place in exposed spots between the mill 
scale. 

To avoid this form of corrosion, mill scale should be removed 
prior to putting the equipment into service. Removal of mill scale 
can be effected by pickling with acid or by mechanical means such as 
sand blasting. In recent years the process of removing mill scale by 
acid has been improved by the use of inhibitors. 

In view of the marked influence of mill scale as a factor in cor- 
rosion, it is surprising that more attention is not given to the prepara- 
tion of the surfaces of metal in boilers and appurtenant equipment 
where the metal is in contact with electrolytes (water) containing 
salts in solution having high electric conductance. More attention to 
this particular phase of corrosion activity would greatly lessen cor- 
rosion problems in steam generating stations. 


SPECTROGRAPHIC ANALYSIS OF WATER 


Accurate quantitative estimation of elements by spectrographic 
methods is the most delicate analytical procedure yet developed. 
Briefly, spectrographic analysis is the identification of substances by 
the light that they radiate or absorb, and an estimation of their 
quantity from the intensity of these phenomena. Expressed some- 
what differently, quantitative estimation of elements is possible since 
up to a certain amount, which varies with different elements, “the 
intensities of the characteristic lines of an element are proportional to 
the relative amount of it present in the substance; and that these lines 
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will practically disappear, becoming fainter and fainter, as the amount 
of the element in the light source is reduced.” 

To record these phenomena the spectrograph is used. ‘This is 
an optical instrument which breaks up the light from a source into its 
constituent wave-lengths, and spreads the colors across a photographic 
plate in a form suitable for study. To produce the emission of radia- 
tion, substances must be volatilized by heat, decomposed into atoms, 
and the atoms distorted or partially decomposed, either by heat or 
electricity. The significant fact for the analyst is that the spectrum 
of radiation thus obtained from any element or compound contains a 


| Wik W 1! 
ZINC 


Fic. 16.—Spectrum of Alloy. 


Cu 


Fic. 17.—Spectrum of Alloy. 


perfectly definite series of lines which are characteristic of that element 
or compound. 

The intensity of spectral lines, under constant conditions of 
exciting energy, depends on the concentration of the atoms which 
generate the radiation. A bunsen flame will excite the spectra of a 
few of the softer metallic elements, but for many metals the electric 
arc is required. The emission spectrum method is adapted to qualita- 
tive or quantitative determination of elements and a few compounds 
in amounts as small as a few millionths of a milligram. te 

The principle involved in the quantitative estimation ofan 
unknown material by the emission method is that under constant 
exposure conditions, the number and intensity of the lines of an 
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- element are proportional to its concentration in the sample (Figs. 16 
and 17). ‘This is valid only for small limiting concentrations which 
are difierent for each element. The spectroscopist compares the 
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Fic. 18.—Rare Elements Identified in Public Water Supply by 
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Spectrographic Analysis. 


intensity of lines on the plate and translates them into concentrations. 
Such testing is, of course, beyond the scope of routine analytical work 
at present, but has the greatest potential value where accurate and 
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complete analytical information is required. Its value for critical 
studies of municipal or industrial water supplies is evident. 

Until the recently published studies of Braidech and Emery es) 
appeared, few chemists or engineers, to say nothing of the general 
public, realized that many of our municipal water supplies contain 
lead, fluorides, and zinc in appreciable amounts, and that nickel, 
silver, boron and other metals were also detectable in a number of 
drinking water supplies, when the methods used for identification of 
these elements were sufficiently delicate. 

The Braidech and Emery spectrographic study of public water 
supplies has revealed many interesting facts in reference to their 
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tne. Fic. 20.—Rare Elements Identified in Public Water Supply by rere = Sie 

chemical composition (Figs. 18, 19 and 20). For instance, silver was 
identified in traces in all water samples examined and occurred in 
appreciable amounts in the waters supplied to New York City, 
Atlanta, New Orleans and Denver. The water supplied to New York 
and Atlanta contained more silver than copper. The samples from 
Lake Michigan contained between 0.2 and 0.3 p.p.m. of zinc, incident- 
ally, the highest quantity noted in any of the samples tested. Chrom- 
ium was noted in all waters studied and likewise nickel was identified 
as spectrographic traces in all supplies excepting those of Denver and 
Indianapolis. In water supplied to both of the latter cities it was 
noted in amounts of from 0.3 to 0.5 p.p.m. It is of interest to note 
that nickel in Denver water exceeded the quantity of iron present. 
The quantities of manganese in many of these supplies is of considerable 
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economic importance in respect to many industrial uses where man- 
ganese is to be avoided. From a sanitary viewpoint, the presence of 
lead in such relatively large amounts in many city water supplies, 
especially Baltimore, demands more than passing interest. 

It is interesting to note that, in at least one instance, traces of 
lead in a number of public water supplies were shown definitely to 
have resulted in endemic lead poisoning among consumers of such 
waters. The findings reported were the result of an investigation 
conducted by the Metropolitan Life Insurance Co., and are suffi- 
ciently pertinent to warrant reciting here: 

“Of 90 water sources used by the persons studied, 35 caused 
poisoning as determined by certain criteria. Of 253 exposed persons, 
63 (24.9 per cent) were poisoned.” 

Further poisoning occurred among 14 persons ingesting as little 
as 0.1 mg. of lead daily over an average period of 8} years. These 
conclusions are highly important when considering the appreciable 
quantities of lead in the water supplies of Baltimore, Cincinnati, 
and other large cities. It is improbable that any of these substances 
have an appreciable effect in the majority of industrial processes 
and, from a purely engineering viewpoint, may be only of academic 
interest. It illustrates, however, that many compounds in water, 
even though they are present in infinitely small quantities, may have 
a far-reaching effect in special cases. 

The adaptability and usefulness of spectrographic analyses of 
industrial water supplies will be limited to special problems when 
the presence of minor quantities of elements affect processes detri- 
mentally. In this group are the dyeing and textile industries, manu- 
facturers of high-grade paper, and certain refined chemicals and 
pharmaceuticals. Such data would add greatly to our knowledge of 
the specific chemical characteristics of high-pressure steam samples 
and condensate which up to the present is incomplete. 

Water softening by chemicals and by base-exchange minerals 
has not been considered in the present discussion. Although these 
processes for conditioning industrial water supplies are of importance, 
they present no unusual operating difficulties, since the basic prin- 
ciples of control are well understood and water softening, generally, 
presents no unusual problem. 

In this lecture it has been possible to do no more than to indicate 
certain trends in analytical procedure, since such procedure applies 
to critical studies of water as an engineering material. If our remarks 
have stimulated new viewpoints as to the importance of these prob- 


lems, we have accomplished our purpose. 


| 
im 
i 
mY 
= 
hey 
d 
J 
A 
“Ts * 
| 
i 
; 
aw 
lit 
q 
i= 
iy 
7 


POWELL ON WATER AS AN ENGINEERING MATERIAL 45 


REFERENCES 

(1) Allen Hazen, “On Sedimentation,” Transactions, Am. Soc. Civil Engrs., 
Vol. 53, p. 45 (1904). 

(2) Frank Hannan, “ Microforces: Orientation and Curvature,” Journal, Am. 
Water Works Assn., Vol. 10, No. 6, p. 1035 (1923). 

(3) E. J. Theriault and W. M. Clark, “An Experimental Study of the Relation 
of Hydrogen Ion Concentrations to the Formation of Floc in Alum 
Solutions,” Public Health Reports, Vol. 38, p. 181 (1923). 

(4) O. M. Smith, “The Removal of Clay and Silica from Water,” Journal, Am. 
Water Works Assn., Vol. 7, No. 3, p. 302 (1920). 

(5) A. Wolman and F. Hannan, “Residual Aluminum Compounds in Water 
Filter Effluents,” Chemical and Metallurgical Engineering, Vol. 24, 
p. 728 (1921). 

(6) G. D. Norcom, “‘The Purification of Colored Water at Wilmington, N. C.,” 
Journal, Am. Water Works Assn., Vol. 11, No. 1, p. 96 (1924). 

7) L. B. Miller, ‘‘ Notes on the Clarification of Colored Waters,” Public Health 
Reports, Vol. 40, July 10, 1925, p. 1472. 

(8) Report of the Department of Health, New Jersey (1929). 

(9) H. P. Corson, ‘Manganese in Water Supplies,” Bulletin 5, University of 
Illinois, Vol. 14, p. 169 (1916). 

(10) R. Woy, “Stérung der Breslauer Wasserversorgung durch Mangansulfat,” 
Zeitschrift fiir Oeffentliche Chemie, Band XII, Heft VII, p. 121 (1906). 

(1) J. R. Baylis, “‘ Manganese in Baltimore Water Supply,” Journal, Am. Water 
Works Assn., Vol. 12, p. 211 (1924). 

iz) C. F. Goldthwaite, “An Experience with Manganese in Textile Water,” 
American Dyestuff Reporter, October 3, 1927, p. 605. 

(13) F. E. Hale, “Manganese in the Croton Water of New York City,” Journal, 
Am. Water Works Assn., Vol. 20, p. 661 (1928). 

(14) J. Tillmans, “Uber die Entmangung von Trinkwasser,” Journal fiir Gas- 
beleuchtung und verwandte Beleuchtungsarten sowie fiir Wasserversorgung, 
Vol. 57, p. 713 (1914). 

(15) J. C. Brown, “Deposits in Pipes and Other Channels Conveying Potable 
Water,” Proceedings, Inst. Civil Engrs. (London), Vol. 156, Part 2, 
p. 1 (1904). 

(16) E. Raumer, “Uber das Auftreten von Eisen und Mangan in Wasserleitungs- 
wasser,” Zeitschrift fiir analytische Chemie, Vol. 42, p. 591 (1903). 

17) B. Schorler, “Beitrage zur Kenntnis der Eisenbakterien,” Zentralblatt fiir 
Bakteriologie, Parasitenkunde und Infektionskrankheiten, Band XII, 
p. 681 (1904). 

(ig) C. G. Ehrenberg, Vorlaufige Mitteilungen das Wirkliche Vorkommen 
fossiler Infusorien und ihre grosse Verbreitung, Poggendorfer Annalen, 
Band 38, p. 213 (1836). 

19) D. Ellis, “Iron Bacteria,’”’ Metheun and Co., Ltd., London (1919). 

(20) F. J. Cohn, “Uber den Brunnenfaden (Crenothrix Polyspora) mit 
Bemerkuvgen tiber die Mikroscopische analyse des Brunnenwassers,”’ 
Beitrdge Biol. Pflanzen, Band I, Heft 1, p. 108 (1875). 

(2) D. D. Jackson, ‘‘Crenothrix Manganifera in Newton, Mass.,” Journal, 
Soc. Chemical Industry, Vol. 21, p. 681 (1901). 

(22) C. Binz, Deutsche medizinische W ochenschrift, No. 14, p. 219 (1901). 


a 
¢ 
of 
S, 
of 
to 
ch 
on 
ed 
ns, 
ast 
tle 
ese 
ble 
ati, 
ces 
— 
Ses 
mic 
ter, 
ave 
; of 
hen 
| 
and 
e of 
ples 
srals 
hese 4 
nce, 
ally, 
icate 
arks 
orob- | 


Epcar Marsurc Lecrure 


(23) O. Adler, “‘Uber Eisenbakterien in ihrer Beziehungen zu den therapeutisch 
verwendented nattrlichen Eisenwasserns,” Zentralblatt fiir Bakteriologie, 
Parasitenkunde und I nfektionskrankheiten, Band XI, Abteilung 2, pp. 215, 
277 (1904). 

(24) A. Beythein, H. Hempel and L. Kraft, “‘Beitrage zur Kenntnis des 
_ Vorkommens von Crenothrix Polyspora in Brunnenwassern,” Zeitschrift 


z i fiir Untersuchung der Nahrungs- und Genussmittel sowie der Gebrauchs- 
oe gegenstande, Band and Heft 4, p. 215 (1904). 


(2) A. Poppel, ““Entmangung von Wasser,” Chemiker-Zeitung, Band 32, 
Abteilung 2 (1912); also Chemisch-technisches Repertorium, No. 1/3, p. 7 
(1912). 

(26) H. P. Corson, “‘ Manganese in Water Supplies,”’ State Water Survey Bulletin, 
No. 13, University of Illinois, p. 145 (1915). 

(27) S. B. Applebaum, “Manganese in Ground Water and Its Removal,” 
Journal of Industrial and Engineering Chemistry, Vol. 8, February, 1916, 
p. 160. 

(28) V. Lehner, “The Oxidation of Manganese Solutions in Presence of the Air,” 
Economic Geology, Vol. 11, No. 2, p. 115 (1916). 

(29) J. W. Schwab, ‘‘The Removal of Iron from Municipal Water Supplies,” 
Bulletin No. 1, University of Kansas, Division of State Chemical 
Research, Vol. XVII, No. 8, April 15, 1916. 

(30) E. K. Rideal and H. S. Taylor, ‘‘Catalysis in Theory and Practice,” Second 
Edition, MacMillan and Co., Ltd., London (1926). 

 @1) Berzelius, see K. G. Falk, “Catalytic Action,” p. 11, Chemical Catalog Co., 
Inc., New York City (1922). 

(32) W. A. Whitesel and J. C. W. Frazer, ‘‘ Manganese in the Catalytic Oxidation 
of Carbon Monoxide,” Journal, Am. Chemical Soc., Vol. 45, p. 2841 
(1923). 

(33) T. P. Hilditch, “Catalytic Processes in Applied Chemistry,” D. Van 

ra Nostrand Co., New York City (1929). 

_--- @4),: J. R. Baylis, “‘ Manganese in Baltimore Water Supply,” Journal, Am. Water 
Works Assn., Vol. 12, p. 211 (1924). 

(35) C. A. H. Kithr, “‘ Manganese in Waterworks,”’ Journal, Am. Water Works 
Assn., Vol. 18, p. 1 (1928). 

36) J. Tillmans, P. Hirsch and H. Grohman, “‘The Physical Chemistry of 

en a Demanganization of Drinking Water,” Parts I, II and III, Das Gas- und 

_——,s Wasserfach, Vol. 70, p. 25 (1927); Vol. 71, p. 481 (1928); Vol. 71, p. 515 

(37) E. Flatter, “Iron and Manganese Removal at Wausau, Wisconsin.” The 
American City, Vol. 38, No. 3, p. 125 (1928). 

— 8) A. C. Janzig and I. A. Montank, “High Manganese Effluents from Idle 


a Filters,” Journal, Am. Water Works Assn., Vol. 21, p. 1319 (1929). 
“4 P. 39) W. Rudolfs, ‘Water Treatment Plant at Philips’ Glow Lamp Works, at 
met ok Eindhoven, Holland,” Water Works and Sewerage, January, 1929, p. 7. 


— (40) J. W. Sale, “Manganese in the Water Supply of Pierre, South Dakota,” 

wees Engineering News-Record, Vol. 79, No. 23, December 6, 1917, p. 1063. 

R. S. Weston, “ Manganese in Water, Its Occurrence and Removal, Journal 
Am. Water W orks Assn., Vol. 24, p. 1272, (1932). 

(42) R. S. Weston, ‘Some Recent Experiences in the Deferrization and Deman- 

of Water,” Journal, New Ragland W ater Works Assn., Vol. 


] 
ral 
r 
2 
et; 
(2, 
+ 
| 
+ 
( 
é 
¢ 
Om 
a 
a» 
(6 


POWELL 


ON WATER AS AN ENGINEERING MATERIAL 


(43) Discussion by R. W. Sawyer of paper by P. W. Frisk, ‘““The Control of Iron 
and Manganese Accumulated in Filter Sand,” Journal, Am. Water Works 
Assn., Vol. 25, No. 11, p. 1548 (1933). 

(4) P. W. Frisk, “‘The Control of Iron and Manganese Accumulated in Filter 
Sand,” Journal, Am. Water Works Assn., Vol. 25, No. 11, p. 1537 (1933). 

(4) E. C, Craig, E. L. Bean and R. W. Sawyer, “Iron and Lime in Removal of 
Manganese,” Journal, Am. Water Works Assn., Vol. 24, p. 1762 (1932). 

(4) E. S. Hopkins, “Composition and Use of Ferric Hydroxide as a Coagulant,” 
Industrial and Engineering Chemistry, Vol. 21, p. 58 (1929). 

(47) E.S. Hopkins, ‘‘ Manganese Interference in the O-Tolidine Test for Available 
Chlorine,” Industrial and Engineering Chemistry, Vol. 19, p. 744 (1927). 

(48) Malcolm Pirnie, “Water Works Practice,” p. 249, The Williams and 
Wilkins Co., Baltimore (1925). 

(49) C. Zapffe, “Deposition of Manganese,” Economic Geology, Vol. 26, No. 8, 
p. 799 (1931). 

(60) F. E. Hale, “Manganese in the Croton Water of New York City,” Journal, 
Am. Water Works Assn., Vol. 20, p. 661 (1928). 

(51) S. B. Applebaum and M. E. Bretschger, ‘‘Removal of Iron and Manganese 
from Water,” Industrial and Engineering Chemistry, Vol. 26, p. 925 (1934). 

(52) John Dewrance, Lecture on “The Generation of Steam,” before Inst. 

Mechanical Engrs., London, reported in The Engineer (London), Feb- 

-- ruary 18, 1921, p. 182 under the title “Corrosion of Boilers,” and in 

Power, March 29, 1921, p. 525. 

(53) E. P. Partridge, “Formation and Properties of Boiler Scale,” Engineering 
Research Bulletin 15, University of Michigan, June, 1930. 

(64) C. Doelter, “IV Minerogenese und Stabilitatsfelder der Minerale Die 
Analcimbildung,” Mineralogische und petrographische Mitteilungen, Vol. 
25, p. 111 (1906). 

(65) A. de Schulten, “Sur la reproduction artificelle de 1’Analcime,” Comptes 
Rendus, Vol. 90, p. 1493 (1880); also Bulletin, Soc. francaise de min- 
eralogie, Vol. 3, p. 150 (1880). 

(66) A. de Schulten, ‘‘Sur la reproduction de l’analcime,” Bulletin, Soc. francaise 
de mineralogie, Vol. 5, p. 7 (1882). 

(7) S. W. Parr and F. G. Straub, “The Cause and Prevention of Embrittlement 
of Boiler Plate,” Proceedings, Am. Soc. Testing Mats., Vol. 26, Part II, 
p. 52 (1926). 

(68) W. T. Whitney, ‘The Corrosion of Iron,” Journal, Am. Chemical Soc., 
Vol. 25, p. 394 (1903). 

69) S. T. Powell, “Boiler Feed Water Purification,” p. 245, McGraw-Hill Book 
Co., Inc., New York City (1927). 

(60) J. R. Baylis, “Prevention of Corrosion and ‘Red Water’,” Journal, Am. 
Water Works Assn., Vol. 15, p. 598 (1926). 

(61) Standard Methods of Water and Sewage Analysis, Seventh Edition, p. 60 
(1933). 

(62) C. H. Fellows, “The Dissociation of Water in Steel Tubes at High Tem- 
peratures and Pressures,”’ Journal, Am. Water Works Assn., Vol. 21, 
No. 10, p. 1373 (1929). 

(63) M. M. Braidech and F. H. Emery, “Spectrographic Analysis of Water with 

Special Reference to Several Ohio Supplies,”” Am. Water Works Assn., 


‘ 


1 
4 
S 
BY 
4 
7 
” 
— 
— 
— 
‘al 
re, 
4 
nd | 
ion 
341 
Tan 
— 
iter | 
rks a 
und 
515 
The 
Idle | 
: 
at 
7. 
i 
ta, 
5. 
urnal 
man- | 
Vol. be 
ry 5 


By R. L. Kenyon! R. S. Burns! 


he authors have ap) applied t the principle that strain aging and blue brittleness 


_ of ferrous materials are but different manifestations of the same phenomenon 
and have developed a relatively rapid method of evaluating the aging properties 
of such material by determining the tensile strength at room temperature and 
at a temperature in the blue-brittle range. The apparatus used in the determi- 
nation of the tensile properties of sheet material at elevated temperature (up to 
600 F.) is described. The difference between the tensile strength at room 
temperature and that determined at 400 F. is correlated with the change 
in tensile properties of cold-rolled sheets due to an artificial aging treatment. 


The results indicate a quantitative relationship between these two properties. 


Many different tests have been used to follow the effects of 
aging and blue brittleness. They all have their advantages and 
disadvantages, but some of them are far superior in the ease with 
which they can be carried out and in the significance of the results 
obtained. These various considerations cannot be discussed here in 
_ detail, but after weighing them all carefully, the authors believe that 
the static tension test offers the most significant information. This 
is particularly true in connection with the inspection of ferrous sheet | 


materials for deep-drawing purposes, because it is the only test that 
gives a quantitative measure of the tendency to stretcher strain.? 

The static tension test has been widely used to follow the blue 
brittleness of ferrous materials, and it is also capable of following the 
_ changes in properties due to aging. It has long been known that the 
tensile strength of mild steel is greater at slightly elevated temperature 
than at room temperature.’ Fettweiss* was perhaps the first to point 
out the connection between this behavior and the changes in properties 
due to aging. 


1 Supervising Research Engineer, and Research Engineer, respectively, The American Rolling 
Mill Co., Middletown, Ohio. 
2R. L. Kenyon and R. S. Burns, ‘“‘Autographic Stress-Strain Curves of Deep Drawing Sheets,” 
Transactions, Am. Soc. Steel Treating, July, 1933. 
3 FP. C. Lea, Engineering, October 16, 1914, p. 487. 
C. Bach, “ Elastizitat und Festigkeit,”” p. 147, Julius Springer, Berlin (1920). 
‘ F. Fettweiss, “Blue Brittleness and Aging of Iron,” Stahl und Eisen, January 2 and 9, 1919, 
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On BLUE BRITTLENESS AND AcING 


The rate at which the changes due to aging take place depends 
largely upon the aging temperature, other things being constant. 
Figure 1 shows the chronological change in tensile strength of mild 
steel cold-stretched 5 per cent and aged at various temperatures, as 
determined by Kéckritz.1. The higher the temperature, the more 
rapid the change. This has led most investigators to believe that 
the increase in tensile strength at an elevated temperature is due to 
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Fic. 1.—Chronological Change in Tensile Strength of Mild Steel Cold Stretched 
5 per cent and Aged at Various Temperatures (Kéckritz). 


instantaneous aging, the deformation in the test itself furnishing the 
necessary “‘cold work.’”’ The maximum tensile strength of mild steel 
occurs at about 570 F. (300 C.), although its exact location depends on 
the speed of testing.? Since this work was done, many attempts have 
been made to discover the mechanism of this transformation, but 


1H. Kéckritz, “Uber den zeitlichen Verlauf der Alterung weichen Stahles und aber die Alterung 
von Stahlen verschiedener Herkunft,” Mitieilungen aus dem Forschungs-Institut der Vereinigte 
Stahlwerke, A. G., Vol. 2, No. 9 (1932). 

2 Le Chatelier explained this by assuming that cold working of iron or steel starts an irreversible 
transformation which requires a certain amount of time for its completion. The higher the temperature, 
the more quickly the transformation is completed. From 570 F. (300 C.) upward, however, there is 
a reduction due to the annealing effect, which also requires a certain time, decreasing with rising 
temperature, for it to become fully effective. Fettweiss summarized this by the following statement: 
“‘At temperatures under 570 F. (300 C.) the steel is found to be weaker and tougher the more rapidly 
it is tested, and above 570 F. (300 C.) the more rapidly the test is carried out, the more the annealing 


effect is masked and the steel appears to be stronger and more brittle.” (From F. Fettweiss, loc. cit.) 
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KENYON AND BURNS 


ss there is still a question as to its exact nature. Nevertheless, there 
1a - is now no doubt about the relationship between aging and blue 

brittleness. It is, therefore, entirely feasible to use a test for blue 
oe ey brittleness as a measure of the stability of the material against changes 
: due to aging. The principal advantage of this lies in the elimination 
i of a number of variables that have to be controlled in the case of 


a (a) Front View. (b) Back View. 
Bic. 2.—Apparatus for Making Tension Tests at Elevated Temperatures 
on Sheet Specimens. 


im * 


aging tests. In aging tests, it is necessary to cold-work the material 
a definite amount, and then hold for a definite length of time at a 
certain temperature. Each of these variables—amount of cold work, 
time and temperature of aging—greatly influences the final results. 
Some materials change faster than others, therefore, the arbitrary 
selection of a particular time and temperature makes it difficult to 
compare the results obtained on different materials. In the case of 
the tests for blue brittleness, the difference in the physical properties 


| : ‘|. 
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On BLUE BRITTLENESS AND AGING 51 
at room temperature and in the blue-brittle range furnish the criterion. 
It is only necessary then to establish a quantitative relationship 
between the two tests. 


With thin sheets there are many difficulties encountered in mak- 
ing, at elevated temperatures, even such a well-standardized test as 
the static tension test. The chief difficulties include: The method of 
heating the specimen uniformly in a manner to prevent excessive 
oxidation of the thin strip, measurement of the actual temperature of 
the specimen, gripping the specimen, and providing an autographic 
extensometer so that stress-strain curves can be drawn. Thus far 
we have been successful in making tension tests on thin strips (as 
thin as 0.015 in.) at temperatures up to about 600 F. (315 C.). The 
upper temperature limit depends largely on the flash point of the oil 
used in the heating pot to be described later. 

Two views of the apparatus, which was designed for use in an 
Amsler testing machine, are shown in Fig. 2. The sample is held in 
special grips, the upper one of which can be seen in Fig. 2. The two 
j-in. cap screws on each grip are drawn very tight to keep the samples 
from slipping, and with a little practice it is possible to draw them 
down evenly so as to get uniform gripping across the specimen. The 
faces of the grips are serrated transversely with very fine shaper tool 
marks. The lower grip has a T-slot on its under side, which slips 
over a stud that is machined on the end of a long threaded shank 
that extends through the bottom of the pot and is fastened by means 
of a spherical seat and split ring to the lower or stationary head of the 
testing machine. The shank is fastened to the pot by means of two 
nuts that are properly packed and drawn tight to prevent oil leakage. 
The upper clamp can be disconnected from the movable head of the 
testing machine by releasing the split rings; this clamp also operates 
through a spherical seat. 

An oil bath is used for heating the specimens, because it lends 
itself to closer temperature control than a vertical tube furnace and 
the specimens are brought to temperature more quickly. The con- 
struction of the pot is quite simple. It consists of a brass shell insu- 
lated with mica and wound with a nichrome heating element which is 
covered on the outside with asbestos insylation 1 in. thick. An 
iron-constantan thermocouple is silver-soldered to the inside of the 
brass shell about halfway up the side, and this is connected to a 
Leeds & Northrup potentiometer recorder-controller for regulating the 
pot temperature. The small stirring motor keeps the oil rapidly 
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~ circulating and so minimizes the temperature gradient from the outer 

. shell to the specimen in the center. As a matter of fact, by exploring 
| the bath with a mercury-glass thermometer, the oil around the 
‘ ve specimen was found to be within + 1 F. (+ 0.6 C.) of the temperature 
az of the brass shell. A dummy specimen was prepared with a thermo- 
couple silver-soldered to the midpoint of its gage length, and it was 
found that it came up to the bath temperature in less than one minute. 
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Fic. 3.—Effect of Testing Temperature on Tensile Strength of Mild Steel and New 
: Stabilized Steel Sheets. 


In order to obtain satisfactory results in any method of testing, 
it is necessary that the proper technique be followed; this is especially 
_ true in the case of tension tests at elevated temperatures. In making 
these tests, it is quite necessary always to use the same testing speed 
_ because the tensile properties are much more influenced by this 
_ variable at elevated temperature than at room temperature. All of 
the tests reported here were made with a machine cross-head speed 
equivalent to a rate of strain of 0.05 in. per in. per min. below the 
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yield point, and 0.20 in. per inch of gage length per minute above the 
yield point. It is also true that the testing temperature must be very 
carefully controlled and kept uniform over the entire specimen. 


RESULTS OF TENSION TESTS ON SHEETS AT ELEVATED TEMPERATURE 


The tensile strength of ordinary mild steel sheets is influenced 
by temperature in a manner similar to that reported by various 
investigators! for other types of specimens of such materials. The 
solid line in Fig. 3 shows the results of tests on No. 19-gage mild 


steel deep-drawing sheets for automobile bodies. The strength is 
60 000 
40 000 
} | = = 
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Strain, per cent in 2 in. 
Fic. 4.—Stress-Strain Curves of Mild Steel and New Stabilized Steel Tested at 
Various Temperatures. 


slightly less at 170 and 212 F. (75 and 100 C.) than at room tempera- 
ture, but at 300, 400, 500 and 600 F. (150, 205, 260 and 315 C.) it is 
above that at room temperature. There is a maximum between 400 
and 500 F. (205 and 260 C.). This differs from the maximum reported 
by LeChatelier and Fettweiss (300 C., 570 F.), but, as mentioned by 
the latter, this is caused by difference in testing speed. 

The stress-strain curves for this material, made at various 
temperatures, are shown in the upper part of Fig. 4. Those made at 


1 F, Fettweiss, “‘ Blue Brittleness and Aging of Iron,”’ Stahl und Eisen, January 2 and 9, 1919. 
A. V. de Forest, “Some Experiments on the Plastic Elongation of Wire,’ Proceedings, Am. Soc. 
Testing Mats., Vol. XVI, Part II, p. 455 (1916). 
F. C. Lea and O. H. Crowther, “The Change of the Modulus of Elasticity and of Other 
Properties of Metals with Temperature,"" Engineering, Vol. 98, October 16, 1914, p. 487. 
C. Bach, “ Elastizitat und Festigkeit,” p. 174, Julius Springer, Berlin (1920). t 
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300 F. (150 C.) and higher show numerous irregularities; 
- most prominent at 400 F. (205 C.). 


- men during the test. 


a load is reached that is sufficient to produce deformation at some 
other point. 
4 drops off momentarily because of the inertia of the moving parts of 


* metals when they were free from blue brittleness. 
_ of a completely stabilized mild steel sheet material for deep-drawing 


this is 
These are believed to be due to 
the intermittent plastic deformation and age-hardening of the speci- 
The first deformation causes aging and con- 
comitant hardening of the portion that has deformed. The specimen 
can then support a greater load than before and the curve rises until 
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These deformations take place rapidly and the load 


the testing machine. The result is a series of “yield points” until the 
specimen finally breaks. 
Under the test conditions described, the blue-brittle characteristics 


: 5 are most pronounced at 400 F. (205 C.). and so that testing tempera- 


ture was selected for determining the properties in the blue-brittle 
range. The “blue-brittle” test, as the term is used here, consists in 
determining the tensile properties at room temperature and at 400 F. 
(205 C.). The differences between the tensile strength at room tem- 
perature and that at 400 F. (205 C.) and the roughness of the stress- 
strain curve are measures of the degree of blue brittleness. 

Up to the present time there has been no ferrous material with 
physical properties completely stabilized against changes due to 
aging; therefore, it has been impossible for scientific workers to 
determine the effect of temperature on the tensile strength of such 
The development 


purposes! offers an opportunity for such a study. 
The dashed line in Fig. 3 shows the results of tension tests at 


{ Zs. elevated temperature on the stabilized steel sheet and it will be seen 


that there is no increase in strength above that at room temperature; 
as a matter of fact, the strength decreases continuously with rising 
temperature in the same manner as many non-ferrous materials, 
which, as is well known, are free from the objectionable phenomena 
of blue brittleness and instability. The stress-strain curves of this 
stabilized material tested at various testing temperatures are shown 
in the lower part of Fig. 4, and it will be observed that they are quite 
free from irregularities at all temperatures. 


PROPERTIES AND TENDENCY TO STRETCHER STRAIN 


CORRELATION OF BLUE-BRITTLE TEST wW ITH STABILITY OF PHYSICAL 


In studying the stability of the physical properties, the conditions 
- that represent the variables encountered in the manufacture and use 


1 The Iron Age, July 13, 1933, p. 27. 
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of deep-drawing sheets and those changes in properties which would 
affect the drawing qualities are of most interest, especially in the 
development of a material that does not stretcher strain within, say, 
six months or longer at room temperature. So, strips were cold 
rolled 2 per cent on an experimental cold mill and held 3 hours at 
the temperature of boiling water (which other tests have shown is 
about equivalent to 6 months at room temperature) and then tested 


TABLE I.—BLUE-BRITTLE AND AGING TESTS ON TEN MATERIALS WITH VARYING 
DEGREES OF STABILITY. 


Blue-Brittle Tests Aging Tests 
Tensile Strength, Ib. per sq. in. Tensile Strength, lb. per sq.in. | Elongation in 2 in., per cent 
Material 
At At 3 Hours 3 Hours 
, Room 400 F. (205 C.) Fresh 210 F Difference | Fresh 20 F Difference 
Temperature 
Miu Boocetoon 57 575 71 150 +13 575 60300 | 64600 | +4300 | 24.25 17.25 —7.00 
Wt D. cowvted 47 575 58 +10 625 49100 | 53700 600 | 31.75 24.50 —7.25 
| *) as 47 950 +9 100 49700 | 53 125 +3425 31.25 22.75 —8.50 
| Tees 41 000 42 075 +1075 41375 | 42250 +875 40.00 37.25 —2.75 
No, 5 44 390 44 200 —1 46100 | 46425 38.75 37.25 -1 
|) 43 450 42 800 - 44 275 275 0 | 35.75 | 33.25 —2.50 
3 yg pee 42 800 41 425 —1375 42650 | 42 675 +25 39.50 39.50 0 
) 59 200 53 400 —5 300 61975 | 61225 —750 29.75 30.25 +0.50 
Oy 45 300 37 725 —7 575 46375 | 46075 —300 | 39.00 | 38.75 —0.25 
8 57 650 48 225 —9 425 61 725 —775 32.50 | 32.50 


* Each value shown is an average of two determinations. These two determinations differed probably from 
chance causes since the specimens were carefully selected to be alike as far as anyone knew. The average, maximum, 
and minimum differences between duplicate specimens were as follows: 


Blue-Brittle Tests Aging Tests 
3 Tensile Strength Elongation 
empera- 
Gi ture | (205 C.) 
Fresh | Aged Fresh | Aged 
397 456 415 680 0.78 1.28 
Maximum difference...............-..00-- 1250 1800 1300 1650 1.5 2.5 
Minimum difference...................00+- 20 50 50 50 0 0 


in tension to determine the change in ductility, tensile strength, and 
the return of a sharp yield point and yield-point elongation. The 
latter two have been shown to be related very closely to stretcher 
straining. In this study, commercial stability of physical properties 
against changes due to aging was interpreted as no increase in tensile 
strength, no loss in ductility measured by the elongation in the tension 
test, and no return of stretcher straining after holding three hours at 
212 F. (100 C.). The amount of elongation at the yield point, as 
shown by an accurate stress-strain curve, can be used as a measure 
of the tendency to stretcher strain. 


1R, L. Kenyon and R. S. Burns, “Autographic Stress-Strain Curves of Deep Drawing Sheets,"’ 
Transactions, Am. Soc. Steel Treating, July, 1933. 
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Small changes in actual yield-point values in pounds per square 
inch due to aging are difficult to determine consistently because the 
same method of measurement cannot always be used. The freshly 
_ cold-rolled material does not have a sharp transition point, and it is 
_ necessary to adopt some arbitrary amount of strain for determining 
1 the yield stress.: If aging causes the return of a sharp yield point, 


the yield-point value is taken at this sharp transition. The ‘0.5 


oO 


[Decrease in Elongation, per cent 


r. at 212 F (100C.) 


« 


h - 
— Sharp yield point ——- 
| After aging Shours at F (100C) 
— 10 000 0 + 10 000 + 20 000 
Orfference in Tensile Strength (400 F.(205C.)to Room Temperature), Ib. per sq. in. 
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Fic. 5.—Relationship Between Changes in Tensile Strength and Percentage Elonga- 
tion Due to Aging 3 hr. at 212 F. (100 C.) After Cold Rolling 1 per cent, and the 
Difference Between Tensile Strength at 400 F. (205 C.) and Room Temperature. 


per cent yield stress”’ is then not significant. For this reason, changes 
in yield stress due to aging may fluctuate considerably and are not 
considered here. 

In the development of a stabilized steel for deep-drawing purposes, 
materials with varying degrees of stability have been tested. They 
range from mild steel to the stabilized material. In order to deter- 
mine a definite relationship between blue brittleness and stability 
of physical properties, it was necessary to make both blue-brittle 
and aging tests on materials covering this range. 


1R. L. Kenyon and R. S. Burns, “‘Autographic Stress-Strain Curves of Deep Drawing Sheets,” 
Transactions, Am. Soc. Steel Treating, July, 1933. 
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Table I gives the results of the blue-brittle and aging tests of a 
few of the materials tested. They are listed in order of increasing 
difference in tensile strength between 400 F. (205 C.) and room 
temperature, which places them in sequence according to decreasing 
blue brittleness. Figure 5 shows the change in tensile strength and 


Temperature Sh. at 212 F. (100C) 


‘Tested Immediately i 
Tested (2050) (“Tested Immediately 
No.6 | After Cold Rolling 


No.7 | No Champs Due to 
Aging lreatment 


No.8 | No Change Due to 
Aging Treatment 


‘ 


No Change Due to 
No.8 Aging Treatment 


-- 


No Change Due to 


No.5 


No./0 Aging Treatment 
Biue-Barne Tests Aewe Tests S | Bwe -Barne Tests Aeine Tests 
Deformation Deformation 


Fic. 6.—Comparison of Load Deformation Curves Obtained in the Blue-Brittle Test 
with Those in the Aging Test on the 10 Materials Given in Table I. 


The numbers refer to the materials and are in the same order as in Table I. For the blue-brittle 
test the curves taken at 400 F. (205 C.) are to be compared with those at room temperature. For the 
aging test, the curves for the aged specimens are to be compared with those for the “‘fresh”’ specimens 
which were tested immediately after cold rolling. 


percentage elongation resulting from aging 3 hours at 212 F. (100 C.) 
plotted against one measure of the blue brittleness (difference between 
tensile strength at 400 F. (205 C.) and at room temperature). Repre- 
sentative load-deformation curves for the tests tabulated in Table I 
are shown in Fig. 6. The results of the test used to measure blue 
brittleness are to the left of the number designating the material, 
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while the load-deformation curves obtained in the aging test are to 
the right. The materials are arranged in the same order as in the 
table and it will be seen that the roughness of the curves for the 
tension tests at 400 F. (205 C.) decreases from material No. 1 to No. 
10. The changes due to aging likewise decrease and materials Nos. 
7, 8, 9, and 10 show no differences in their load-deformation curves 
before and after aging nor are there any significant changes in the 
numerical values given in Table I. 

A study of these results shows that as long as the tensile strength 
at 400 F. (205 C.) is not greater than at room temperature, the tensile 
strength and ductility of material cold-rolled 2 per cent are practically 
stable against changes due to aging. The fact that the sharp yield 
point returns between —650 and —1375 lb. per sq. in. difference in 
tensile strength (400 F. (205 C.) to room temperature) is evidence 
that there is a discontinuity or change in the relationship and this 
coincides with the discontinuity in the numerical data as shown in 
Fig. 5. It will be noted from Fig. 6 that not only does the material 
exhibit a sharp yield point, after aging under the conditions stated, 
when the difference in the blue-brittle test is less than — 1375 lb. per 
sq. in., but the amount of yield-point elongation increases with 
increasing blue brittleness. 

In order to use the difference in tensile strength (400 F. (205 C.) 
to room temperature) as a measure of the stability of the drawing 
properties of sheet steel, it is necessary to consider both return of 
stretcher straining, as indicated by the yield-point elongation and the 
constancy of the tensile strength and percentage of elongation. A 
minimum difference in tensile strength (400 F. (205 C.) to room 
temperature) may then be adopted, which will insure any desired 
degree of stability in drawing properties against changes due to 
aging. A large number of various materials have been tested accord- 
ing to this procedure and in all cases it has been possible to predict 
whether the material would age after cold rolling. Lea yeahs. 
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he AGING EMBRITTLEMENT OF 4 TO 6 PER CENT 

CHROMIUM STEEL 

0S. 

By H. M. anp E. S. Drxon! 

SYNOPSIS 

sth Low-carbon steel containing in addition 4 to 6 per cent chromium is being 

ile extensively used in the oil refineries in the form of heater tubes. The steel of 

lly this analysis is at times subject to embrittlement after exposure to operating 

eld temperature (approximate range of 900 F., 480 C.).. While being cleaned of 

in coke deposit a small percentage of tubes crack. This cracking was found to be 

due to shock stresses on embrittled tubes. 

ace The nature of this embrittlement has been investigated. It has been 

his found that it is similar to duralumin type aging, when aging is carried out at 

in room temperature. It is the thought of the authors that aging of this analysis 

rial is not due to actual precipitation of some element and some evidence is brought 

fed out to support their view. It is also postulated that this type of aging is similar 
; to temper brittleness, where loss of impact occurs without a corresponding 

ane considerable increase in hardness and tensile strength — associated 

vith with aging of precipitation type. 

C.) INTRODUCTION 

4 The needs of the oil industry with reference to the use of metals 

the in equipment subjected to high pressures and temperatures have been 
A recently clearly brought outa).? Asa result of severe conditions under 

— which the metals in a modern oil refinery operate, the use of alloy 

iad steels was made imperative. ‘At first, steels of stainless steel type were 

me used. Later, steels of austenitic type, 18 per cent chromium, 8 per cent 

sed. nickel, were tried, and, finally, a 4 to 6 per cent chromium steel was 

dict developed. 

: This latter steel i is meeting with marked success at the present 

pat time, and although its physical properties are generally established, 

wien still some of its important features exhibited during actual service and 

ve the properties resulting from such service are not generally known, 

sia te particularly, embrittlement in service. It seemed appropriate, there- 


fore, that these service properties should be made known to the 
nib industry in general, with the hope that this additional information 
pole would lead to better understanding of the use of this steel, and to 


° 

a stimulate research to eliminate the undesirable features. 

ig “ote 1 Metallurgist and Chief Metallurgist, respectivety, The Texas Company, Port Arthur, Tex. 

- 2 2 The boldface numbers in parentheses refer to the reports and papers given in the list of refer- 
Siete ences appended to this paper, see p. 77. 


i 
‘= 
— 
i, 
1} 
“hy 
if 
iy 
2 
‘ 
a 
P Il—5 
{ 


AND DIxoNn 


mibag Fic. 1.—Creep of Metal Resulting from Overheating of Heater Tube. 


Fic. 2.—Sections of a Tube Revealing the Extent to Which Creep Took Place. 
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On AGING OF STEEL 


ANALYSIS 
The chemical specifications under which this steel is commonly 
urchased are as follows: 
P re 0.12 
Carbon, as specified, per cent....... ret 0.15 max. 
0.20 
0.50 
0.04 


Fic. 3.—Cold Split—Revealing No Creep of Metal. 


NORMAL SERVICE FAILURES 


This type of steel when overheated swells to a considerable extent. 
Figure 1 shows the amount of swelling of a tube before actual rupture 
took place, and Fig. 2 shows sections through another tube revealing 
the extent to which creep took place. This failure represents typical 
normal failure. It occurs generally from severe coking of the oil, 
which allows the metal temperatures to increase rapidly above normal. 


ABNORMAL FAILURES OF 4 TO 6 PER CENT CHROMIUM TUBES 


Within the last two years and especially during the winter 
months, several 4 to 6 per cent chromium heater tubes split during the 
inspection period. The cracking unit makes a run of several hundred 
hours—until forced to shut down, usually due to coke formation in 
the battery. During the down period, the tubes are cleaned of coke 
and inspected before starting another run. It was during this inspec- 
tion period that the tubes were found split (Fig. 3). wes 
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TABLE I.—SERVICE CONDITIONS OF FAILED TUBES. 
Norg.—Failures of tubes occurred after batteries were down several days. Failures occurred at atmospheric 


bi 


A T ure Maxim i 

of Oil, Ib. 
il, Ib. 


deg. Fahr. | deg. Cent. 


4 
4 
1 
—3 
-3 
—1 
-1 


Man- 


Sulfur, | Qhorus, | Location, N d Length of Spl 
* tion, Nature an th of Split 
per cent per cent 


10 in. above bottom terminal fitting 
2 ft., 10 in. long 
~ above bottom terminal 2 ft., 9 in. 


Top p portion of the tube enclosed by the 
brick 


over 5 ft. | 
terminal Sitting 


long 
me top terminal fitting 19 ft., 6 in. 


TaBLe III.—TENsILE Properties OF FarLep TUBEs. 


Middle Section 


Reduc- 
tion of 


- 
— a” 
Ly deg. Fahr. | deg. Cent, 
6 o | 4930 665 730 
29 97 1100 595 665, 
30 1125 605 685 
TABLE II.—CHEMICAL ANALYsIS AND LocaTr 
| Chro- 
rye per per cent per cent per cent 
We 
a 
0.32 0.31 0.024 | 0.019 | Top and middle sectior Cc 
) 
4.99 cose Deneath the bottom furnace sheet G 
i Top Section | Bottom Section 
allt Tube Tensile | Elonga- | Reduc- | Tensile | Elonga- Tensile | Elonga- | Redue- fa 
tion |Strength,| tion | tion of |Strength,) tion | | trength,| tion | tion of bi 
a Ib. per | in 2in.,| Area, | Ib. per | in 2in., lb. per | in 2in.,| Area, 
8q. in. | per cent | per cent} sq. in. | per cent | per cent | sq. in. | per cent | per cent 
62800 | 32.5 88.8 61300 | 35.0 79.3 77200 | 27.5 77.4 
| G...............| Bottom | 69200] 30.5 | 769 | .... | | 82600] 26.0 | 74.4 
72800 | 28.5 88.8 64800 | 32.5 81.3 67700 | 32.5 75.6 
| 
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Correlation Data of Abnormally Failed Tubes: 


In order to correlate and to study their relative importance, all 
the factors which might relate to these failures have been collected 
in Tables I to IV, for nine cases of cracked tubes. These constitute 
failures occurring among a large group of tubes purchased on the 
same order. 

A study of service conditions showed: 

1. Practically all tubes had a service life of over two years. 

2. Most of the tubes failed at a relatively cold atmospheric 
temperature. 

3. There was no preferential location of failures with respect to 


= 


oil temperatures and pressures. 
ion ad 
TaBLe IV.—Cuarpy Impact Properties OF FALED TUBES. 


Norz 1.—The values are a of at least three tests with each other. 
Norg 2.—Notches were tube thickness phe and the outside surfaces of the tubes. 
Norsz 3.—These specimens were 60 mm. long. 


Top Section Middle Section ’ Bottom Section 
om Standard} Alter- Standard| Alter- Alter- 
Speci. | Brinell Speci. | Brine | “Rech | | Brinell 
Keyhole} men, Hard- Keyhole Hard- Keyhole} men, Hard- 
Notch, |V Notch,| otch, |V Notch,| Notch, |V Notch,| 
ft-lb. . ft-lb. ft-l 1 
eS, ee Bottom | 51.2 | 18.7 121 | 46.9 | 16.3 50.1 | 18.0 
| Se ae Bottom | 16.0 | 17.0 1 58.0 | 81.0 128 | 37.0 | 14.7 
62555585 Top 41.0 | 15.0 116 | 42.5 | 16.5 121 | 38.0 | 31.0 
a Top 28.0 16.8 137 42.3 54.5 146 37.5 36.6 
@ 8 ee Bottom 51.6 95.4 146 42.5 71.8 149 37.0 16.0 
Top 36.0 20.0 131 38.3 44.8 


A study of physical properties showed: 

1. Tensile properties are uniformly good in all sections of tubing. 

2. Impact properties of V-notch specimens correlated with the 
failures in all cases. The material in the failed portions is notch- 
brittle. 

For the sake of comparison, impact properties on three new 4 to 
6 per cent chromium tubes are given in the following table: 
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In addition to the impact tests, the shape and nature of the 
fractures of these tubes also indicate a state of brittleness in the metal, 
with no flow of metal taking place prior to fracture. 

The cause of failure of these tubes was found on investigation to 
be due to cleaning (knocking) of tubes when they were at a low 
temperature and accordingly had low resistance to shock stresses. It 
was also found, experimentally, that the internal stress was due prin- 
cipally to the cleaning operation. The fact that the metal suffers a 
drop in impact value as a result of prolonged exposure to elevated 
temperatures is of great interest. Low resistance to impact manifests 
 aseaaes in these tubes only at ordinary temperatures. As soon as the 


TaBLE V.—CHEMICAL ANALYSIS OF STEELS TESTED. 
Chro- ‘ ni Molyb- | Tung- | Tita- | Alumi- 

Designation Type of Steel Carbon,| mium, | Nickel, | Silicon, | denum, | sten, | nium, | num, 
per cent | per cent | Per cent | per cent | ner cent | per cent | per cent | per eent 

Plain chromium........ 0.19 5.04 0.03 

Plain chromium........ 0.14 5.18 0.27 

Plain chromium........ 0.07 5.28 0.39 

Cr4.... Plain chromium........ 0.15 4.32 0.13 Se 

Cr Chromium-silicon.... .. 0.14 5.21 1.76 

Cr Si 2. Chromium-silicon..... . 0.07 5.27 1.84 

CrMol Chromium-molybdenum| 0.08 5.30 0.98 1.02 

CrMo2 Chromium-molybdenum| 0.10 5.14 ne 2.10 

CrMo3 Chromium-molybdenum| 0.12 5.15 atts 0.60 

CrMe4 Chromium-molybdenum| 0.185 | 4.24 ape 0.55 

CrMo5 Chromium-molybdenum| 0 07 5.57 0.26 0.44 wee 

CrW 1. Chromium-tungsten....| 0.11 5.34 0.48 0.90 

Cr Til. .| Chromium-titanium . . 0.16 4.23 0.38 0.27 + 

| Chromium-aluminum . 0.195 | 4.62 0.40 0.93 


temperature is again raised, even to 212 F. ad cc. Ss all of 
the impact value of the metal is recovered. 


Aside from corrosion resistance, the physical stability at all 
temperatures of service is the most important property of metal to be 
considered in oil refinery use. 

Just as resistance to corrosion is usually determined by exposing 
corrosion specimens of different steels to the corrosive influence of 
oils in actual refining units under various conditions of temperature 
and pressure, so in like manner the same methods were used to deter- 
mine the stability of physical properties of the tested alloys. Service 
conditions were simulated not only by exposing the specimers to 
various temperatures, but also by subjecting them to alternate heating 
and cooling cycles. Various standard methods for determining age- 
hardening and temper-brittleness were also used. These are described 
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more folly is in connection with each of the tests reported upon. 
comparative purposes, carbon steels as well as 4 to 6 per cent chromium 
steels containing additional elements were tested at the same time. 
All of the steels were annealed prior to testing. The chemical analyses 
of the steels tested are shown in Table V. The values for impact test 
data represent averages of at least three determinations unless other- 


nin 
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Charpy Impact Values, ft-lb. Brinell Hardness, 1000-kg. load 


.._,1 520 F. | 670 F. | 750 F. | 900 F. |. ._,| 520 F. | 670 F. | 750 F. | 900 F. 
Original) (979 C.)| (400 C.)|(480 (979 (355 C.)|(420 C.)| (480 C.) 


ANNEALED SPECIMENS 


23.0 | 21.4 
60.5 | 54.5 


56.8 
60.8 


wise stated. The impact data were not averaged unless the values 
did not differ by more than 20 per cent. 


Stability Tests: 

Test No. 1.—In this test, annealed specimens were exposed at 
temperatures of 670, 750 and 815 F. (355, 400 and 435 C.), for 712, 457 
and 940 hr., respectively. The tensile and impact properties before 
and after exposure are shown in Table VI and Fig. 4. 


WILTEN AND Drxon 
fle 
Ly 
‘ 
| 
| TaBLe IX.—IMpActT PROPERTIES AND BRINELL HARDNESS. 
an. 
670 F. | 900 F. | 1240F. 900 F. | 1240F. 
4 ANNEALED SPECIMENS 
hh to Cr 1, 4 to 6 per cent chromium......................-.| 1204+] 12 +] 114 | 107 | 104 
4 to 6 per cent 42.2 | 46. 125 | 129 | ... 
TS Cr Mol, 4 to 6 per cent chromium + silicon + molyb- 
— =0'g, Cr Mo 2, 4 to 6 per cent chromium + molybdenum.....| 7.6 | 13. 10.5 121 148 121 
Cr Si 1, 4 to 6 per cent chromium +silicon.............| 1.75 | 4 154 | 159 | 148 
Cr Si 2, 4 to 6 per cent chromium +silicon.............) 2.3 | 5 
i a TABLE X.—IMPACT PROPERTIES AND BRINELL HARDNESS. 
Type of Steel 
82, plain carbon............| 20.1 | 20.1 | 107 | 104 | 104 | 104 | 114 
Pas Cr 1, 4 to6 per cent chromium.| 71.2 | 77.3 48.7 | 121 | 154 | ... | 154 | 154 
ive Cr Mo’, 4 to 6 per cont chro- 
met mium + molybdenum ......| 54.9 | 53.1 | 7 5 | 121 | 121 | 15 | 114 | 121 
; Cr W 1, 4 to 6 per cent chro- 
Be ‘ mium +tungsten..........] 53.6 | 60.4 | 5 6 | 129 | 134 | 136 | 134 | 133 
| 
4 


sed at 
12, 457 
before 
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Test No. 2.—In this test, annealed specimens were exposed to 
temperatures as follows: 


670 F. (355 C.) for 3166 hr. Gees 
780 F. (415 C.) for 3166 hr. 


bos (d) 1240 F. (670 C.) for 3166 hr. 


e tensile and impact properties before and after exposure are 
shown in Tables VII and IX and Fig. 5. 


Test No. 3.—Annealed specimens were exposed to temperatures 
as follows: 
Mie! (a) 520 F. (270 C.) for 1260 hr. 
(b) 670 P. (355 C.) for 2051 hr. 
(c) 750 F. (400 C.) for 2051 hr. 
(d) 900 F. (480 C.) for 1250 hr. 


Tensile and impact properties are shown in T: ables VIII and X 
and Fig. 6. 


Test No. 4.—Annealed specimens were exposed to pages 


as follows: © 
| 


Tensile and impact properties are shown in Tables XI and XII. 


(a) 750 F. (400 C.) for 2658 hr. 
(b) 900 F. (480 C.) for 2559 hr. 


Temper Brittleness Tests: 


Temper brittleness tests were made by the method recommended 
by Greaves and Jonesg). In this method, duplicate samples of the 
steels to be examined are hardened in water from 1650 F. (890 C.) 
and tempered at 1200 F. (650 C.); one sample is cooled in water after 
tempering and the other is cooled slowly in the furnace. Suscepti- 
bility to temper brittleness may be taken as the ratio of the impact 
figure of the sample rapidly cooled to that of the sample cooled slowly 
after tempering. The higher the ratio, the more brittle the material. 
In these tests, alternate Charpy specimens (V-notch, 0.079 in. in 
depth) were used unless otherwise stated. The impact properties 
obtained are shown in Table XIII. 


GENERAL DISCUSSION 


The stability tests show that resistance to hen of 4 to 6 per cent 
chromium steel is at times lowered when the steel is heated at 900 F. 
(480 C.) for a considerable interval of time. The susceptibility ratio 
of the steel to temper brittleness is also high. som beds 
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The embrittlement referred to is usually ascribed to “temper 
brittleness” of the metal@. This type of brittleness has been com- 
monly associated with steels of S.A.E. 3100 and 3200 series when 
they are cooled slowly from the tempering operation. 

In a group of impact test specimens taken either from the failed 
tubes or from experimental specimens subjected to prolonged heating, 
it has been our experience that individual specimens may show very 
erratic values. It appears that the steel is extremely sensitive to 
cooling from the tempering operation. After further studying this 


Temperature, deg. Cent. 


120 Q00 


100 000 


Brinell He Hardness, 


| 


he 


| Impact CS 


40000 re Strength CS! 


a Original 610 150 815 th ten 
Exposure Temperature, deg.Fehr. 


Fic. 4.—Change in Physical Properties of Carbon and 4 to 6 per cent Chromium 
Steels as a Result of Exposure of Steels to Elevated Temperatures. 
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rinell Hardness Number and Izod Impact, ft-lb. 


phenomenon, the authors were particularly impressed by the fact that 
prolonged heating at, say, 900 F. (480 C.) will produce embrittlement 
even though the cooling from that temperature may be fairly rapid. 
The time factor, whether due to the prolonged exposure to temperature 
or to the rate of cooling, became of especial significance when this 
point was studied in greater detail. Consideration of this time 
factor led to speculation as to whether the temper brittleness of 4 to 
6 per cent chromium steel might not be a type of aging phenomenon. 
The fact that temper brittleness may also be a ‘ype of aging has also 


occurred to French. 
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Tensile Strength, Elongation in 2 in., 
as Ib. per sq. in. per cent 
Type of Steel 
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The cause of temper brittleness has been ascribed by Rogers.) to 
the separation of carbides from solution on slow cooling from the 
tempering operation. He showed that in typical heating and cooling 
curves in the heating cycle, there is absorption of heat between 755 to 
935 F. (400 to 500 C.) which he thinks is due to resolution of carbides. 
This view is shared by Andrew and Dickie). This view has not been 


TABLE XI.—TENSILE PROPERTIES. 


750 F-,| 900 750 | 900 F. 
Original] (499 C.)| (480 C.) (400 C.)| (480 C.) 


CS 3, plain carbon ? 50 150) 49 150 44 
Cr 1, 4 to 6 per cent chromium 64 000) 65 500 37.5 
Cr 4, 4 to 6 per cent chromium. 58 750) 58 750 39.0 
Cr Mo 4, 4 to 6 per cent chromium + 

molybdenum 70 850} 70 650 37.0 
Cr Mo 5, 4 to 6 per cent chromium + 

molybdenum 105 250) 111 000 20.0 
Cr Til, 4 to 6 per cent chromium + 

titani 66 000) 67 850 37.5 


73 100) 72250 36.0 


TABLE XII.—CHaArRpPY Impact VALUES. 


Alternate Charpy Standard Charpy 


Specimens, 
V Notch, ft-lb. Keyhole Notch, ft-lb. 
Type of Steel 


,| 750 F.| 900 F.|... ,| 750 F. | 900 F. 
Original .)|(480 C.) (400 C.)|(480 C.) 


149.4 152.4 62.3 
142.5° 84.7%) 54. 62.0 
144.9 -7 | 137.1 : 58.0 


ch 188.4 . 78.9 

6 per cent chromium + 

156.5 | 158.7 66.2 
Cr Til, 4 to 6 per cent chromium + 

i 213.5 215 63.4 


119.0 , 40.1 3 43.4 


@ Results erratic; represents the average of 166.7, 183.3, 165.2, 54.7. 
> Results erratic; represents the average of 24, 15.7, 80.6, 218.7. 


supported by Greaves and Jones@) who trace temper brittleness to the 
presence of chromium oxide in the steel. Leaving these opinions at 
this time, without comment, let us study eging phenomena and their 


various explanations. 
Under aging’ Mehls) groups three types of phenomena: 


1 The authors prefer to use the word “‘aging” even though some writers are using and advocating 
the term “‘age-hardening"(4). It is felt that, first, aging adequately describes change of properties of 
steel as a result of time factor and temperature change, and, second, because in iron alloys, aging may 
not necessarily produce increase in hardness(5). 
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70 WILTEN AND Drxon 
~ 
an ; 
} 
a a 
Te Reduction of Area, 
lm per cent 
,| 750 F. | 900 F. 
a 45 | 73.6 | 69.9 | 74.7 
38 76.6 | 81.9 | 80.8 
41 | 77.4 | 78.6 | 77.8 
37.5 | 78.5 | 78.1 | 78.1 
21 «| 74.9 | 68.3 | 74.3 
— >. 37.5 | 79.4 | 79.6 | 78.7 
4 ‘an im 32.5 | 72.4 | 73.1 | 73.9 
Original) (409 C.)|(480 C.) 
iG CS 3, plain carbon............. 63.2 85 85 84 
: i ‘ Cr 4. 4 to 6 ver cent chromium 53.5 102 96.3 96.3 
| 
| 72.4 | 114 | 121 | 119 
| im ae 66.9 | 218 | 227 | 214 
| 58.8 | 118 | 113 | 113 
| 86.2 | 123 
f 
if ‘ 
mi 
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1. Blue brittleness of steel—diminished ductility at 550 to 750 F. 
(290 to 400 C.). 

2. Aging of overstrained steel—change in properties on storage 
or reheating to moderate temperatures of cold-worked steel. 

3. Duralumin type of aging produced by quenching a steel alloy 
below the A; point, subsequently followed by storage or heating to 
moderate temperatures. 

The theory of the third type of aging, even though discovered in 


TABLE XIII.—TeEmpeR BRITTLENESS. 


V-Notch Specimen Keyhole-Notch Specimen 


Furnace-Cooled 
Specimen 


Brinell 
Hard- 


143.5 63.6 
-| 172.8 31.2 
125 52.2 
169.3 74.4 
.| 164.3 d 64.3 


134.9 ¢ 30.7 


® Specimens marked A and D were taken from Tubes A and D which failed in abnormal manner. See Table III. 


steel only a few years ago, is well developed. The conditions necessary 
for occurrence of this type of aging require that the alloy be 
obtainable at ordinary temperature in the state of a supersaturated 
solution. See Fig. 7, taken from Masing,s). 

The alloy is homogeneous at temperatures above /: and is also 
obtained in a homogeneous state at /,, room temperature, when 
quenched from temperature 4. This alloy will age-harden when 
heated to an intermediate temperature ¢;. These conditions certainly 
indicate that this aging process is connected with the decomposition 
or “decay”’ of solid solution. 
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180 C.) F ty 
80.8 Type of Specimen | a > 
arpy y Charpy Charpy |Brinell 
alues, ues, | ness alues, | ness wet 
74.3 ft-lb. | | ft-lb. ft-lb. | ft-lb, 
Plain carbon..................-| 106 115 155.3 109 | 0.69 
Cr 1, 4 to 6 per cent chromium. .| 162.3 192 38.1 197 | 4.26 pees ws 
A®, 4 to 6 per cent chromium. .| 119.4 189 25.6 | 202 | 4.67 
4 to 6 per cent chromium | 103.8 | 223 24.3 | 212 | 4.25 kis oes 
Cr Mo 3, 4 to 6 per cent chromi- 
Cr W 1, 4 to 6 per cent chromi- ‘a 
um -+ tungsten..............| 178.2 | 189 | 118.9 | 195 | 1.51 oe oe 
Experment No. 6 
900 F. CS 3, plain carbon......... 85 | 0.92 ae. 
(480 C.) Cr 1, 4 to 6 per cent chrom 187 | 2.22 ~ ia 
Cr 4, 4 to 6 per cent chromiur 163 | 0.92 
84 Cr Mo 4, 4 to 6 per cent chror ee '. 
109 um + molybdenum. .... 197 | 1.06 
um + molybdenum.......... 166 | 0.98 
119 Cr Til, 4 to 6 per cent chromi ya 
um + titanium............. 170 | 1.07 Fe 
214 Cr Al 1, 4 to 6 per cent chromi- ae, 
um + aluminu 19) | 1.88 
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This brief description of temper brittleness and aging phenomena 
indicates that, according to the consensus of opinion, the cause of both 
phenomena appears to be tied up with the change in solubility of some 
elements in alpha iron. 

Consider the problem of embrittlement of 4 to 6 per cent chromium 
in service. It has already been stated that at 212 F. (100 C.) a large 


TABLE XIV.—CuHarRPY IMPACT VALUE OF 4 TO 6 PER CENT CHROMIUM STEEL 
FROM EMBRITTLED TUBES AT ROOM AND ELEVATED TEMPERATURES. 


| Charpy Impact Values, ft-lb. (Alternate Specimens, V Notch) 
to 29 | 100 F. (88 C.) | 150 F. (66 C.) | 100 | 300F. (150C.) 
6.0 5.0 8.0 54.3 149.8 
2.3 4.1 10.2 18.6 
5.0 45.7 49.1 57.7 156.9 
Specimens taken from the middle portion ofthe tube. park 
Specimens taken from the bottom portion of the tube. » 
TABLE XV.—BRINELL HaRpNESS VALUES SHOWING ARTIFICIAL AGING ‘ 
OF 4 TO 6 PER CENT CHROMIUM STEEL. 
Quenching Quenching Quenching 
T Tem 
1300 F. (705 C.) 1400 F. (760 C.) 1500 F. (815 C.) 
Type of Steel 
As As As 
Quenched | Aged* | Quenched | Ased* | Quenched| Aged* 
ee. 121 179 116 183 111 163 
Cr 1, 4 to 6 per cent chromium?............ 116 118 111 127 241 
Cr 4, 4 to 6 per cent chromium ............ 111 116 116 121 207 207 
Cr Mo 4, 4 to 6 per cent chromium + molyb- 
137 140 143 146 143 156 
Cr Mo, per cent chromium + malyb- 
179 179 156 159 149 152 
ont 114 to 6 per cet chromium + \itanium 131 131 131 137 137 137 
Cr Al2. 4 to 6 per cent chromium + al 
137 149 143 149 149 152 


pr cat chromium steel 1470 (800 C) and 805 (490 C.), from Becket and 
percentage of the impact value of embrittled metal is recovered. 
Table XIV presents actual figures obtained. 

Figures 8 and 9, taken from Mehl(s), show the solubility of carbon 
and nitrogen in alpha iron at different temperatures. They show 
practically no change in solubility from room temperature to 
212 F.(100C.). It would, therefore, appear that specimens embrittled 
due to the third (duralumin) type of aging should not show much 
different impact value at 212 F. (100 C.). However, specimens in 


| 
| 
fa 
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Table XIV do show remarkable improvement in impact value, which 
in turn indicates that the embrittlement of 4 to 6 per cent chromium 
steel is not due to precipitation hardening. 

This was confirmed by the following test, using the original 
method for aging outlined by Masing and Kochaz). The specimens 
were annealed and quenched from around the A; point, and aged: 

It is to be noted from Table XV that, while carbon steel showed 
considerable increase in hardness after aging, the 4 to 6 per cent 
chromium steels did not. This is also illustrated in Fig. 10. It is to 


As quenched 
As aged 
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Brinell Hardness Number 


be further noted that steel Cr 1 which had previously been shown to 
have high susceptibility to temper brittleness as well as considerable 
drop in impact value after exposure to 900 F. (480 C.) did not age- 
harden, showing that 4 to 6 per cent chromium steel is not subject to 
precipitation hardening. It is of interest to note here that the same 
steels as shown in Table XV when quenched from 1110 F. (600 C.) 
(point of greatest solubility of nitrogen in steel) and aged, did not 
show any age-hardening, except carbon steel which showed some 
hardening. The same steels when quenched from 1400 and 1500 F. 
(760 and 815 C.) and aged for one hour respectively at 400, 600, 800, 
1000 and 1200 F. (205, 315, 425, 540 and 650 C.) did not show id 
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In the paper by Mehl) referred to, he has shown the similarity of 
all three types of aging. If the authors’ contention that during the 
embrittlement of 4 to 6 per cent chromium steel no precipitation of 
any constituent takes place, the embrittlement of 4 to 6 per cent 
chromium steel does not come within the scope of aging thus far 
described. 

It has already been mentioned that several investigators postu- 
lated that temper brittleness of steels is also due to precipitation of an 
unknown constituent. In studying the fatigue resistance of temper- 
brittle steels, French«s) showed that fatigue limit of quenched temper- 
brittle steel is higher than that of slowly cooled steel, even though the 
tensile strength of the former is less than that of the latter. He very 
convincingly ascribes this to “slip interference produced by particle 
precipitation in the slip bands formed during repeated stressing.”’ 

He further states that “‘the precipitation accepted as the cause of 
temper brittleness may not be that which caused the strengthening 
under repeated stressing, since the former occurs at relatively high 
temperatures around 1100 F. (595 C.) at which diffusion can readily 
take place, while the latter is observed under stresses applied at 
atmospheric temperatures.” 

It is believed that the data brought out by French convincingly 
show that this is what occurs. He showed that nickel-silicon steel 
(temper brittleness susceptibility ratio of 5) showed persistent improve- 
ment on overstressing, both in a quenched state and when tempered 
at 675 F. (355 C.), but no strengthening was developed by overstressing 
samples tempered at 1200 F. (650 C.) either water quenched or furnace 
cooled. 

The difference in behavior of steel with a susceptibility ratio of 
5 when tempered from 675 and 1200 F. (355 and 650 C.) is rather 
significant in showing that the phenomenon causing the fatigue 
strengthening at a lower temperature may be different from the process 
occurring at a higher temperature. 

The simple “dispersion” or precipitation theory of age-hardening 
of duralumin alloys first proposed by Merica, Walterberg and Scottas) 
which, while accounting for aging of duralumin at high temperature 
(100 to 250 C., 212 to 480 F.) did not explain the anomalous behavior 
in electrical properties of duralumin when it is aged at ordinary 
temperatures. This question has been extensively treated by Merica 
in a very recent papera1). He concludes that while the aging of dura- 
lumin at higher temperatures is unquestionably due to the precipita- 
tion of crystalline particles of CuAls, the age-hardening of duralumin 
at ordinary temperatures ‘‘may also occur in consequence of some 
structural alteration other than that of the precipitation of excess 
solute.” 
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Is we possible that temper brittleness in which alteration of 
impact properties occurs without increase in hardness or tensile 
strength is a result of structural alteration without actual precipitation 
of any constituent, since a specimen aged by actual precipitation of a 
hard constituent would become harder throughout the aggregate? 

Our experiments on stability of 4 to 6 per cent chromium steels 
show that lower impact value, when it occurred, always was accompa- 
nied by no appreciable increase either in hardness or tensile properties. 
It is also worthwhile to note that there appears to be a correlation 
between the stability of the 4 to 6 per cent chromium steels and their 
susceptibility to temper brittleness. The metal in the abnormally 
failed tubes was temper brittle. The steel Cr 1 which showed lower 
impact value after exposure to a temperature of 900 F. (480 C.) was 
also temper brittle; 4 to 6 per cent chromium steel Cr 4 which showed 
no deterioration of impact properties after exposure was found not 
to be susceptible to temper brittleness. The same is true of 4 to 6 
per cent chromium steels alloyed with molybdenum. The similarity 
of behavior of steels subjected to stability and temper brittleness tests 
is thus further emphasized. 

Mericaq) also states that ‘“‘precipitation of the hardening con- 
stituent is probably always accompanied by some intergranular pre- 
cipitation. . . In duraluminthisleadsto intercrystalline corrosion. . 
Intergranular precipitation in duralumin is more pronounced during 
aging at higher temperatures (120 to 200 C., 250 to 390 F.) than at 
lower or ordinary ones, and in consequence the susceptibility to inter- 
crystalline corrosion and embrittlement may be lessened by employing 
low aging temperatures, probably a rule of general applicability.” It 
is worthwhile to repeat here that aging of duralumin at room tempera- 
ture is not thought to be accompanied by precipitation. 

Examination of many abnormally failed 4 to 6 per cent chromium 
tubes failed to reveal any positive evidence of intercrystalline corro- 
sion, which on the other hand can be very easily seen in tubes of 18 
per cent chromium, 8 per cent nickel austenitic steel in the same 
service. This, it is believed, provides another indirect proof that the 
embrittlement of 4 to 6 per cent chromium tubes is not accompanied 
by precipitation. 

From the evidence presented, it is postulated that the embrittle- 
ment of these steels in refinery use or when subjected to aging at about 
900 F. (480 C.) occurs without precipitation and is due to structural 
alteration of the solid solution similar to the aging of duralumin at 
ordinary temperatures. This may also be the cause of temper brittle- 
ness of steels in general. Further possible correlation of this type of 
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aging of 4 to 6 per cent chromium alloys with the temper brittleness 
of these alloys will be made a subject of further future studies. 


CONCLUSIONS 


From a practical point of view, the following conclusions can be 
drawn: 

(a) The normal failure of 4 to 6 per cent chromium steel in refinery 
use is usually accompanied by creep, resulting in considerable visible 
swelling. 

(6) Abnormal failures result from shock stresses applied to em- 
brittled metal. 

(c) Embrittlement of 4 to 6 per cent chromium steel can usually 
be brought about by simple prolonged exposure of most heats of this 
steel to a temperature of 900 F. (480 C.). 

(d) Most heats of 4 to 6 per cent chromium show high degree of 
susceptibility to temper brittleness. 

From a theoretical point of view, the following conclusions can 
be drawn: 

(e) The embrittlement of 4 to 6 per cent chromium steels is 
accompanied by no, or at most, a negligible, increase in hardness or 
tensile strength. Embrittlement is revealed by the drop in impact 
value. 

(f) This type of embrittlement in 4 to 6 per cent chromium steels 
can be brought about by long exposure to temperatures in the neigh- 
borhood of 900 F. (480 C.), regardless of the rate of cooling. 

(g) In some instances, correlation has been found between this 
type of embrittlement and temper brittleness. 

(h) The embrittlement of 4 to 6 per cent chromium steel may be 
due to aging as a result of structural alteration of solid solution, the 
same as occurs in the aging of duralumin at ordinary temperatures. 
The evidence that it is not due to a precipitation of some constituent 
is shown by the improvement in impact value of these steels when 
broken at 212 F. (100 C.), the absence of hardening, non-aging suscepti- 
bility after quenching from near the A, point, and, finally, the absence 
of intercrystalline corrosion in abnormally failed tubes. 

(¢) The possibility is also noted that the temper brittleness of 
various steels in general may also result from the same type of aging 
as described in the preceding paragraph. 

a) E. S, Dixon, “ Needs of the Oil Industry for Metals at High Temperatures,” 
Symposium on Effect of Temperature on the Properties of Metals, 


published jointly by the American Society for Testing Materials and The 
American of Mechanical 66 (1931). 
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(2) R. H. Greaves and J. J. A. Jones, “Temper Brittleness of Ni-Cr Steels,” 
Journal, Iron and Steel Inst., Vol. CII, No. II (1920). 

a) R. W. Bailey and A. M. Roberts, “Testing of Materials for Service in High 
Temperature Steam Plant,” Engineering, February 26, 1932. 

(4) Discussion by H. M. Boylston of paper by A. Allan Bates, “Aging in Low 
Carbon Steels,” Transactions, Am. Soc. Steel Treating, Vol. 19, March, 
1932, p. 474. 
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(6) F. Rogers, “‘ Brittleness in Ni-Cr and Other Steels,” Journal, Iron and Steel 
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Mr. J. A. Matuews.'—I wish to compliment Mr. Dixon on his 
tel very interesting and instructive paper. He has had considerable 
_— experience with 4 to 6 per cent chromium steel. With reference to 
recovery from brittleness at a temperature of 212 F. (100 C.) I pointed 
ada, out some years ago a case where the steel improved in impact 1 ft-lb. 
a per deg. Fahr. on heating from room temperature to 150 F. (66 C.). 
soa That is remarkable recovery but it is not a cure. Mr. Dixon did not 
| mention that when steel went back to room temperature and was 
Plain tested cold it was just as brittle as before. To make a permanent 
Inst. recovery, in our experience, it must be reheated to something like 
1100 to 1200 F. (595 to650C.). Icannot explain that sudden recovery 
"a in impact at very low temperatures. I should appreciate some 
explanation. 


Mr. E. S. Drxon.2—One thing of interest and not readily under- 
stood is why a pressure battery with 166 tubes will lose only one or 
two as a result of knocking when cold rather than lose 50 per cent or 
more tubes. We are striving to protect our tubes from cold splits. 
In so doing we are knocking when hot and we heat treat to 1200 F. 
(650 C.) all tubes in the battery every six months by firing the 
furnace with no oil flowing through the tubes. Low resistance of 
impact at room temperatures and those at 212 F. (100 C.) have been 
mentioned in the last paragraph under the heading Correlation Data 
of Abnormally Failed Tubes. 

The phenomenon of sudden recovery of impact strength at very 
low temperatures has also puzzled us and, therefore, has been ex- 
tensively discussed in the text of the paper; we think it must be due 
to some structural alteration of the metal. 


1 Vice-President and Director of Research, Crucible Steel Company of America, New York City. 
2 Chief Metallurgist, The Texas Company, Port Arthur, Tex. 


ftliche 
dards 
ae 
} 


CREEP PROPERTIES OF 5 PER CENT CHROMIUM, 
0.50 PER CENT MOLYBDENUM STEEL STILL TUBES 


ae By H. C. Cross! anp E. R. JoHNson? i 
SYNOPSIS 


: Steels of the 5 per cent chromium, 0.50 per cent molybdenum types of 
two carbon contents have been studied to determine their creep properties. 
The specimens were cut from finished still tubes to represent both longitudinal 
and transverse directions. Five heat treatments, representing normalizing and 
slow cooling from 1550 F. (845 C.) and 2100 F. (1150 C.), were used to produce 
different structures and grain sizes. Hardness, impact resistance, susceptibility 
to temper brittleness, and short-time tensile properties at room temperature, 
1000, 1100, and 1200 F. (540, 595, and 650 C.) were determined. 

Creep properties at 1100 F. (595 C.) for specimens slowly cooled from 
1550 F. (845 C.) and the relative creep properties at one stress at this tempera- 
ture for the four other heat treatments were determined for steels of both carbon 
contents. A few creep data at 1200 F. (650 C.) are also included. The following 
conclusions have been drawn: 

1. Increase in carbon content materially increased the physical properties 
and creep resistance. 

2, Longitudinal specimens showed better creep resistance than transverse 
specimens. 

3. Better creep properties were obtained for slowly cooled specimens than 
for normalized specimens. 

After the specimens had been subjected to creep tests, the hardness, impact 
resistance, and short-time tensile properties were determined. From these 
data it is concluded that subjecting these steels to creep testing at 1100 and 
1200 F. (595 and 650 C.) has little effect on the hardness, impact resistance, or 
tensile properties in short-time tests, thus indicating that these steels are quite 
stable at 1100 and 1200 F. (595 and 650 C.). 

When a material like 5 per cent chromium, 0.50 per cent 

molybdenum steel shows itself fit for a specific and exacting service, 

like that in oil-still tubes, the user soon requires more than qualitative 
data collected from service and demands more nearly quantitative 
data. He recognizes that no laboratory tests can provide design 
data for this application that will not also require the exercise of 
engineering judgment, but he welcomes, as more representative, 
information obtained on material taken from finished still tubes 


rather than from bar stock of similar composition. 


! Metallurgist, Battelle Memorial Institute, Columbus, Ohio. 
? Assistant Chief Metallurgical Engineer, Republic Steel Corp., Massillon, Ohio. 
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Among the factors of interest to producer and consumer are 
the effect of carbon content, of heat treatment and resultant grain 
size, and of variation of directional properties resulting from working 
during fabrication. 

Desire for information of this type on this steel has been expressed 
by the Still Tube Subcommittee of the A.S.T.M.-A.S.M.E. Joint 
Research Committee on the Effect of Temperature on the Properties 
of Metals. 

The Republic Steel Corp. desired much of this information to 
enable it to produce the most suitable material for this severe service, 
and in commissioning Battelle Memorial Institute to survey the 
high-temperature properties, authorized the orienting of the work 
to cover as completely as feasible matters in which the Still Tube 
Subcommittee had expressed interest. 

While still tube service does not require that deformation in 
service be held to as low a limit as in many other high-temperature 
applications, so that a creep rate of say 5 per cent in 10,000 hr. might 
form a satisfactory basis for comparison of those factors to be studied, 
and most attention has been paid to such creep rates, it has been 
attempted also to procure data to show the loads for creep of 1 per cent 
in 10,000 hr. at 1100 F. (595 C.), for paxposes < of comparison with 
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The steels ond were of the 5 per cent chromium, 0.50 
per cent molybdenum type and of two different carbon contents. 
The analyses of the other alloying elements were duplicated as closely 
as possible. The two heats were melted in the plant of the Republic 
Steel Corp., using a 6-ton electric furnace and normal melting prac- 
tice. The melts were cast in 20-in. round Gathmann type ingot 
molds. The ingots weighed approximately 4750 lb. each. 

The ingots were rolled into blooms and then to 5}3-in. rounds. 
The bars were sent to a tube manufacturer and fabricated into still 
tubes 5 in. in outside diameter and 3 in. in wall thickness. In 
normal practice the tube manufacturer anneals the still tubes, but 
in this case the tubes were returned without annealing to permit 
variations in heat treatment. 

Numerous chemical analyses of the two materials gave the 
following results: 


Chemical Composition, per cent 
Molybdenum 
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: Blanks for preparation of longitudinal and transverse test speci- 
mens were cut from the finished tubes. To obtain the transverse 
specimens, short lengths were cut from the still tube, slit lengthwise, 
heated to about 1700 F. (925 C.) and flattened, admittedly introducing 
further deformation but not very severe deformation compared to 
that involved in making the tube. 

The major portion of the test data was obtained on the steels 
given the normal annealing treatment (treatment C). The con- 
trolled cooling rate from 1500 to 1300 F. (815 to 705 C.) was for the 
purpose of duplicating in the small blanks the cooling rate normally 
attained in cooling a large mass, such as a still tube. ‘The other heat 
treatments were to evaluate the effects of various annealing tempera- 


tures, rates of cooling, grain size, and structure upon the creep and 


other mechanical properties determined. 
The heat treatments were as follows: 
Treatment C...... Normal annealing treatment. 1550 F. (845 C.), one hour, 


furnace cool to 1500 F. (815 C.), then 25 F. (14 C.) per hr. 


ele 9 to 1300 F. (705 C.); then furnace cool to 1000 F. (540 C.); 
then air cool. 
Treatment A...... Same as treatment C, followed by reheating to 1425 F. 
(775 C.) for 6 hr.; then furnace cool. 
Treatment B...... 1550 F. (845 C.), one hour, air cool, reheat to 1425 F. 
(775 C.) for 6 hr.; then furnace cool. 
Treatment D...... 2100 F. (1150 C.), one hour, air cool, reheat to 1425 F. 
(775 C.) for 6 hr.; then furnace cool. 
Treatment E...... 2100 F. (1150 C.), one hour, furnace cool to 1500 F. (815 C.) 
ANG then 25 F. (14 C.) per hour to 1300 F. (705 C.); then 
‘ghee furnace cool to 1000 F. (540 C.); then air cool. 


The reheating to 1425 F. (775 C.) was required on the normalized 
samples to reduce the hardness to comparable values with the slow- 
cooled samples without changing the grain size resulting from the 
initial treatment. For comparison this reheating treatment was also 
added to treatment C. The slow-cooling and normalizing treatments 
from 2100 F. (1150 C.) were for the purpose of producing maximum 
structural differences for ease of comparison. 

Identification of the various test specimens shows the steel 
number I or II, the heat treatment A, B, C, D, or E used, the direction 
of the test specimen in the still tube (longitudinal L or transverse T), 
and the specimen number, 1, 2, 3, and others. Thus IfC-T4 indicates 
that specimen is from steel II (higher-carbon heat), given heat 
treatment C, was a transverse specimen, and was the fourth specimen 
of its series. 


rs. In Fig. 1 are shown photomicrographs of steel IIC (slow cooled) 
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and of steel ITD (normalized), whose structures are characteristic of eh 


Steel IIC Steel IID 


Normalized from 2100 F. (1150 C.). Reheated 
6 hr. at 1425 F. (775 C.). 


Slow cooled from 1550 F. (845 C.). 


Steel LE Steel ITE 
Slow cooled from 2100 F. (1150 C.). Slow cooled from 2100 F. (1150 C.). 
Fic. 1.—Photomicrographs of 5 per cent Chromium, 0.50 per cent Molyb- 


denum Steels Given Various Heat Treatments ( 100). a 
Etched in 10 per cent Nital. \ 


properties, but is otherwise uniform as contrasted with steel IID “ai 
whose non-uniform structure is due to local softening of hard areas" : wx 
when reheated to 1425 F. (775 C). 

The photomicrographs at 500 magnifications in Fig. 2 clearly 
indicate the difference in amount of carbide in steels IC and IIC, but 


| 
e ( and D, respective t totally erent 
e, from the non-uniform and pearlitic structures shown by steels =. a 
ig and ITE. Steel IIC clearly shows shading, indicating directional 
C.); 


CROSS AND JOHNSON 


Steel TE Steel ITE 
Slow cooled from 2100 F. (1150 C.). 
Fic. 2.—Photomicrographs of 5 per cent Chromium, 0.50 per cent Molyb- 
a denum Steels Given Various Heat Treatments (x 500). 
Etched in 10 per cent Nital. 


= 
Steel IC from 1550 F. (845 C.). 
SF. 
“4 Slow coo! 


no discernible difference between steels IA and IC, and IIA and IIC, 
due to reheating at 1425 F. (775 C.). 

The photomicrographs in Fig. 3 show the non-uniformity of 
structure of steels IB and IIB as contrasted with steels IA and ITA 
in Fig. 2. The larger grain size of steels ID and IID, as compared 
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Steel IID 
Normalized from 2100 F. (1150 C.). 


Fic. 3.—Photomicrographs of 5 per cent Chromium, 0.50 per cent Molyb- > 
denum Steels Given Various Heat Treatments (x 500). 


Etched in 10 per cent Nital. 


with steels IB and IIB, is apparent, and their structures indicate the 
possibility of structural changes taking place within the grains due 
to either the peer tes treatment or during the reheating at 1425 F. 


(775 C.). 
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Test SPECIMENS AND Test METHODS 


Short-time Tests: OF 


at 


A standard 0.505-in. diameter test specimen was used in the 
room-temperature tension tests. The yield point was determined by 
the drop of the beam. 

A few room-temperature tension tests and all of the,short-time 
tension tests at elevated temperatures, as well as the creep tests, were 
made on bars with a rectangular test section. 

Figure 4 shows details of the test specimen used. This type of 
test specimen was chosen because it was desired to test a representa- 
tive section of a tube wall. The tube wall thickness was in the 
direction of the 0.51 in. dimension; so beginning with a tube of 
0.625 in. wall thickness, about 0.055 in. has been machined off each 
side to obtain the finished test specimen with 0.2 sq. in. section. 


2.0"---- Drill 
Fic. 4.—Test Specimen Used in the Short-Time Tension Tests at Elevated 
Temperatures and in the Creep Tests. 


Thread U S. Std. ONS"rad. 


The short-time tension tests on bars with rectangular section 
were made in an Amsler hydraulic testing machine of 72,000-Ib. 
capacity. The pulling adapters were fitted with spherical seats to 
assist in obtaining axial loading. 

The heating furnace used in the short-time tests is 14 in. in 
length, gap wound, and provided with taps to permit regulation of 
the current in various sections of the winding to obtain the desired 
temperature uniformity along the gage length of the test specimen. 

A temperature survey of the furnace according to the methods 
recommended in the Tentative Method of Test for Short-Time 
High-Temperature Tension Tests of Metallic Materials (E 21 — 33T)! 
is shown in Table I. The thermocouples on the outside of the gage 
length were attached by spot welding. 

During the actual tests two thermocouples are used. The 
thermocouple in the top end beyond the fillet (7) measures the specimen 


1 Proceedings, Am. Soc. Testing Mats., Vol. 33, Part I, p. 996 (1933); also 1933 Book of A. S.T.M. 
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temperature, and the bottom couple beyond the fillet (B) is attached to 
a Wilson-Maeulen automatic temperature controller. 

Stress-strain curves for determination of the yield strengths were 
obtained by frames fastened to the adapters and fitted with two 
Ames dials reading to 0.0001 in. The loading was continuous, and 
readings of the dials were made simultaneously by two observers. 
After the yield point was passed the dials were removed and the 
speed of the head regulated as nearly as possible to 0.25 in. per minute 
up to the ultimate strength. 

The yield strengths were obtained from the stress-strain curves 
as the stresses at which the materials exhibited 0.2 per cent permanent 


set according to the Standard Methods of Tension Testing of Metallic 
Materials (E 8 — 33).! 
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TABLE I.—TEMPERATURE SURVEY OF SHORT-TIME TENSION TEST FURNACE. ie 
Posrtion or Is Inpicatep Fria. 4. 


Nominal En Top-Gage Length Center-Gage Length Bottom-Gage Length 
Test 

Tempera- Inside Outside Inside Outside Inside Outside 
ture (Td) (To) (C4) (Co) (Bo (Bo) 


~ 4000 F. . | 1000F. 998F. | 1000F. | 1000F. | 1000F. | 1003F. 
(538 C.) | | | | | 


1100 F, ° 1100 F, 1100 F. 1100 F, 1101 F. 1102 F. 1105 F. 
(593 C.) . (593 C.) (593 C.) (593 C.) (594 C.) (594 C.) (596 C.) 


1200 F. 1200 F, 1200 F, 1198 F. 1200 F. 6 1202 F. 
(649 C.) . (649 C.) (648 C.) (649 C.) (650 C.) 


* Couple detached from surface of specimen. 


Creep Tests: 


The creep-test apparatus used is similar to that used by Kanter 
and Spring. Details of the creep test equipment and a discussion 
of procedure and precautions taken for accuracy in creep work at 
Battelle have been elsewhere discussed.*+ 

Throughout the series of creep tests herein reported the require- 
ments of the Tentative Method of Test for Long-Time (Creep) 


High-Temperature Tension Tests of Metallic Materials (E 22 —- 33 T)® 
have been met or exceeded. 


11933 Book of A.S.T.M. Standards, Part I, p. 949. 

2J. J. Kanter and L. W. Spring, “ ‘Long-Time’ or ‘Flow’ Tests of Carbon Steels at Various Tem- 
peratures, with Particular Reference to Stresses Below the Proportional Limit,” Proceedings, Am. 
Soc. Testing Mats., Vol. 28, Part II, p. 80 (1928); “Some Long-Time Tension Tests of Steels at 
Elevated Temperatures,” Proceedings, Am. Soc. Testing Mats., Vol. 30, Part I, pp. 110-132 (1930). 

*H. W. Gillett and H. C. Cross, “Obtaining Reliable Values for Creep of Metals at High Tem- 
peratures," Metals and Alloys, Vol. 4, July, 1933, pp. 91-98. 

*H. C. Cross, “High-Temperature Tensile, Creep and Fatigue Properties of Cast and Wrought 
High and Low Carbon 18 Cr 8 Ni Type Steel from Split Heats," Report of Joint Research Com- 
mittee of A.S.M.E.-A.S.T.M. on Effect of Temperature on the Properties of Metals, Transactions, 
Am. Soc. Mechanical Engrs., Vol. 56, No. 7, July, 1934, p. 533. 


* Proceedings, Am. Soc. Testing Mats., Vol. 33, Part I, p. 1004 (1933); also 1933 Book of A.S.T.M. 
Tentative Standards, p. 1038. 
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CROss AND JOHNSON 

The individual temperature-uniformity calibrations of the various 
creep test furnaces are not shown, but in every case the variation of 
temperature over the gage length did not exceed 5 F. (2.6 C.), and 
in many instances was considerably less. 

The telescope micrometer used to measure the elongations is 
mounted in a slide traveling on a graduated screw and is fitted with 
a filar micrometer eyepiece. Calibration shows its smallest division 
to read to 0.0000484 in., which on a specimen with approximately a 
2.3-in. gage length gives readings to about 0.00002 in. per inch, or 
0.002 per cent. 

All Battelle creep apparatus has been modified to permit readings 
of deformation on opposite sides of the test specimen. The data in 
this report show the time- deformation curves for the front and back 


TABLE II.—RATIO OF SUSCEPTIBILITY OF TEMPER BRITTLENESS. 


Cc Impact, Izod Impact, 
ot usceptibility - ility 
Specimen 
57 1.0 110 0.96 
58 0.93 112 
Furnace... 33 1.1 


After a brief initial period the rates of elongation become practi- 
cally the same for both sides and the time-deformation curves parallel. 
After loading and throughout the test period, readings of elongation 
are made daily by two observers, and the time-deformation curves 
shown represent averages of the curves of the two observers. Either 
curve alone follows the average curve too closely to allow reproduction 


The impact tests were made on an Amsler combination Izod and 
Charpy impact-testing machine. It was desired to make impact 
tests after creep tests. To obtain two impact test specimens from 
each creep test specimen, the Izod test was chosen. A few Charpy 
tests were made on material as heat treated. 

The impact test specimen had a section 0.394 by 0.380 in., 
limited to this size by the reduced section of the creep test specimen. 
The notch was machined in the gage length of the creep specimens 
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about 0.25 in. from the fillet. The end gripped in the anvil of the 
impact machine “had to be shorter than standard, but tests gave 
comparative results on specimens of short and normal lengths. All 
Izod tests herein reported, whether on material before or after creep, 
were made on short-grip specimens. Tests were made in some 
instanees with a V notch and in others with a keyhole notch. 
Susceptibility to temper brittleness was checked by means of 
both Charpy and Izod tests. The susceptibility ratio was found to 
be practically unity or less in some cases, showing the material to be 


TABLE III.—PuysicaAL PROPERTIES OF THE TWO STEELS AT RoOM TEMPERATURE 
AFTER THE VARIOUS HEAT TREATMENTS. 
Standard 0.505-in. diameter test specimens. 


Yield Tensile Reduction Begin Brinell Izod 
Steel of Area, in Impact 
. per sq. in. per sq. per cent per Num Resistance, 
|3000-kg. load} _— ft-lb. 
37 700 70 200 72.9 33.7 130 70 to 93 
32 900 70 700 69.3 33.2 
d 37 77 200 74.5 32.0 138 70 to 78 
38 700 77 900 65.1 30.5 Wr 
> 49 950 69 400 4 75.5 31.5 126 90 to 103 
| EP 55 300 74 200 6 77.4 32.5 143 100 to 112 
37 100 70 600 60.1 28.5 
46 83 500 53.8 24.5 
47 900 76 100 77.0 33.2 152 | 101 to 109 
Catt ncanen 56 700 900 ‘eet 77.9 32.5 167 111 to 117 
i ee 57 300 80 200 + 76.5 29.7 158 107 to 111 
ae 56 83 500 71.4 31.0 163 111 to 116 
Breaking. 
I LO 30 69 800 165 000 73.1 
29 350¢ 72 650 180 500 78.7 
@ Yield strength d by drop of beam, 
Load at moment of fracture divided a reduced area. 
wel te tants ot cloveted aad i 
creep tests. 


4 Stress to produce permanent set of 0.2 per cent. 


free of temper brittleness. Duplicate bars were quenched from 
1650 F. (900 C.) in water and then reheated for 2 hr. at 1200 F. 
(650 C.), after which one bar of each steel was water quenched from 
the tempering temperature and the remainder furnace cooled. The 
data are shown in Table II. 

Short-time Tension Tests and Impact Tests: 


The tension test data at room temperature on round and rec- 
tangular section bars given the various heat treatments are shown in 
Table III. The values shown are averages for two bars tested. 
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The specimens given the normalizing treatments B and D show higher 
tensile strengths, yield strengths, Brinell hardness, and impact 
resistance than the specimens slow-cooled (treatments C, A and E) 
from the same temperatures. Only minor differences in elongation 
and reduction of area are noted for the various heat treatments. 
Slow cooling from 1550 F. (845 C.) using treatment C produces the 
lowest properties; the yield strength in particular is much lower than 
for the other treatments. 

Additional 6 hr. heating at 1425 F. (775 C.) followed by slow 
cooling (treatment A) raises the yield strength and impact resistance 


TasBLeE IV.—SuHorT-TIME TENSION TEST DATA FOR STEELS I AND II. 
Stow Coo._ep From 1550 F. (845 C. 


Tensile | Breaking 
Strength, | Strength,® | Elongation| Reduction 
lb. per Ib. per in 2in., | of Area, 
8q. In. 8q. in. per cent per cent 


41 300 97 000 
42 600 93 000 
44 700 105 000 
45 600 93 000 


32 500 85 000 
34 000 89 000 
36 300 98 000 
35 700 


3 
sass 


Sse 


86 000 
69 000 
79 000 


< 


<A 


with only a slight reduction in tensile strength, with little or no change 
in hardness and ductility. It will be recalled from the photomicro- 
graphs in Fig. 2 that there is no noticeable difference in structures for 
treatments C and A. Slow cooling from 2100 F. (1150 C.) produces 
practically the same physical properties in the low-carbon steel I as 
when slow cooled from 1550 F. (845 C.), but steel II shows a much 
higher yield strength as determined on round bars by the drop-of- 
the-beam method. 

At the bottom of Table III are shown tensile strength data at 
room temperature for bars of both steels given treatment C and 
tested with a rectangular breaking section as used in the short-time 
tests at elevated temperatures and in the creep tests. DE EGE 


of Test Strength, 
‘| Steel Ib. per 
Tig 1100 | 596 | 16750 
fia ; a @ Stress to produce permanent set of 0.2 per cent. | 
> Load at moment of fracture divided by reduced area. 
a: : © After creep test at 1100 F. (595 C.), as indicated in Tables V and VI. 
: a , 4 After creep test at 1200 F. (650 C.), as indicated in Tables V and VI. 
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Tensile strengths on the rectangular bars are a little lower, 
particularly on the higher-carbon steel II. The yield strengths were 
4000 to 10,000 lb. per sq. in. lower when determined from the stress- 
strain curves at 0.2 per cent permanent set than when determined on 
the round bars by drop of beam. The values for elongation and 
reduction of area are a little higher for the rectangular bars. 

The data for impact resistance of the two steels as heat treated 
are shown in Tables Vand VI. Both steels show Izod impact resistance 


TABLE V.—CrEEP Test DATA FoR 0.139 PER CENT CARBON, 4.63 PER CENT CHRO- 
MIUM, 0.54 PER CENT MOLYBDENUM STEEL (STEEL I). 


Izod Impact | Rockwell 
Tem re Initial Final esistance Hardness 
of Test Dura-| Elongation, Elongation, |After Creep Test®, | ‘Number, 
Specimen Load, | tion per cent Secondary | per cent ie “B” scale, 
Number Ib. | _ of Elongation, 
as Shown per | Test, per cent hole-| V- l, 
on Curves sq. in. oteh | Notch | 100-kg. 
deg. | di Speci- | Speci- load 
Fahr. | Cent Front | Back Front | Back | men men 
IC-L7...... 1100 | 595 | 4100] 127i] 6.027] 0.012] 0.000105) 0.204) ‘ 
1100 | 595 | 4700) 1180) 0.072) 0.011} 0.000182) 0.333) 0.310 42 71 
10-I4....... 1100 | 595 | 5250] 1445] 0.041) 0.026] 0.000417| 0.753| 0.732| 44 72 
IC-I....... 1100 | 595 | 7 362| 0.021] 0.055] 0.0065 | 2.733| 2.764| 44 72 
IC-I8....... 1100 | 595 | 10 47| 0.072] 0.076|>0.08 | 3.932| 3.930] 43 71 
1100 | 595 | 3250) 1346] 0.006) 0.025] 0.000044] 0.124) 0.150] .... | 61 7% 
10-98... 1100 | 595 | 5250] 835] 0.053] 0.015] 0.00089 | 0.835] 0.800| 43 
10-T1....... 1100 | 595 | 6040} 742] 0.036] 0.036] 0.0015 | 1.273| 1.264) 44 
ID-I2...... 1100 | 595 | 5250) 1 180) 0.069] 0.004] 0.00053 | 0.867| 0.800, “46 | .... 81 
ID-T1...... 1100 | 595 | 5250} 0.029| 0.031] 0.000532| 0.619] 0.618}... | 83 
1100 | 595 | 5 250) 1 177| 0.033] 0.081] 0.00052 | 0.729) 0.765 76 
IB-Li.......| 1100 | 595 | 5250] 0.033] 0.038) 0.001930] 0.912| 0.890 110 81 j 
IE-13....... 1100 | 595 | 5 250) 1205) 0.07 | 0.014) 6.000030) 6.185] (0.077 12 
IC-L8....... 1200 | 650 | 3.000] 1482| 0.011) 0.022) 0.000426] 0.680] 0.665) 
1200 | 650 | 3000} 1176| 0 | 0.019| 0.000976] 0.952| 0.960, .... | 50 74 
* Impact specimens 0.380 by 0.394 in. with notch in direction of 0.394 in. dimension. Depth of notch reduced a jas 
to 0.065 to give sta breaking section. ee 
> Tested for impact resistance as heat treated. Not subjected to creep test. 4) + a 
¢ Used for short-time tension test at same as creep test. For results, see Table IV. 4 a a? "y 
tes 
on a bar slightly smaller than standard of 100 ft-lb. or more for 
longitudinal material given the A, B, C, and D heat treatments. 
The transverse materials show a lower impact resistance ranging 
from about 70 to 80 ft-lb. when given the C treatment. Both steels 
given the E treatment (slow cool from 2100 F., 1150 C.), show very low 
impact resistance, ranging from 7 to 10 ft-lb. This low value would 
prohibit the use of material so heat treated. 


The tension test data at 1000, 1100 and 1200 F. (540, 595 and 
650 C.) for specimens given the C treatment are shown in Table IV. 
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92 AND JOHNSON 
and the data for both room temperature and elevated temperatures 
are summarized in Fig. 5. The values shown are averages for two 
bars tested. Steel II with the higher carbon content usually shows 
higher yield and tensile strengths than steel I at all temperatures, as 
does the transverse material when compared with the longitudinal 
material of each steel. 


TABLE VI.—CreEEP Test DaTA FoR 0.181 PER CENT CARBON, 4.96 PER CENT CHRO- 
MIUM, 0.49 PER CENT MOLYBDENUM STEEL (STEEL II). 


‘emperature nitia i Hardness 
of Test Dura-| Elongation, Elongation, After Test®, Number, 
Load, | tion percent | Secondary| per cent “B” scale, 
umber Ib. of Elongation, 
gs Shown per | Test, per cent .-~¥ V- 
on Curves 4 sq.in.| hr. per hr. oteh 
eg eg. peci- 
Fahr. | Cent. Front | Back Front | Back | men men 
IIC-L6...... 1100 | 595 | 5100) 1607} 0.023) 0.025} 0.000114) 0.316) 0.326 
IIC-L3... 1100 | 595 | 6060) 1441) 0.028) 0.055) 0.000268) 0.485) 0.563 44 76 
1100 595 | 7500 362) 0.006| 0.010} 0.0023 1.015) 0.887 46 77 
| 1100 595 | 10 000 >0.05 1.348} 1.239 46 77 
IIC-T1...... 1100 | 595 | 6060) 1099) 0.048) 0.019) 0.00041 | 0.64 | 0.63 43 bons 79 
1100 5 250| 1253) 0.025) 0.032) 0.000228) 0.387) 0.372 43 
IIC-T4...... 1100 595 | 4800) 1596) 0.031) 0.019) 0.000068) 0.230) 0.164 See 54 79 
IID-L2..... 1100 | 595 | 6065) 1180) 0.04 0.00042 | 6.840) 0.773 48 84 
IID-T2..... 1100 | 595 | 6065) 1010) 0.075) 0.015) 0.00072 | 1.103) 1.081 77-93 81 
IIA-L1...... 1100 | 595 | 6060) 1208) 0.025) 0.039) 0.00025 | 0.430) 0.434 107 78 
IIB-L1.... 1100 | 595 | 6060) 293) 0.050) 0.035) 0.00218 | 0.972) 1.020 115 85 
IIE-L2...... 1100 | 595 | 6060) 1205) 0.035) 0.035) 0.000035) 0.145) 0.142 6 83 
TIC-L4...... 1200 650 | 3.000) 1201) 0.008) 0.017} 0.000744) 0.624) 0.620 
IIC-T3.. 1200 650 | 3000) 1201) 0.021) 0.025) 0. 0.768) 0.785 52 76 


4. 


p ith notch in direction of 0.394 in. dimension. Depth of notch reduced 
jon. 
ested for impact resistance as heat treated. Not subjected to creep 
Used for short-time tension test at same temperature as creep test. "yer resulta, Tobe IV. 


Creep Tests: 


The time-deformation curves for the creep tests at 1100 and 
1200 F. (595 and 650 C.) are shown in Figs. 6, 7, 8,9, and 10. The 
details of all the creep tests are shown in Tables V and VI. The 
majority of the creep tests were made at 1100 F. (595 C.); tests at 
1200 F. (650 C.) were made on the steels with treatment C at one 
load only. 

The omission of the points on the time-deformation curves for 
specimens IIC-Lé6 and IIC-T4 in Fig. 7 was due to trouble with the 
elongation measuring equipment. The tests were continued, the 
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OF STEEL STILL TUBES 
Temperature, deg Cent. 


tures 24 540 595 650 2% 540 505 650 
- two ¢ 100 000 200 000 
hows 
dinal 80.000 160000 
CHRO = 60 000 120000 |; 
x4 =z c 
Rockwell 40000 80000 
Hardness 
umber, z = 
B” scale, © 
100-kg. 2 40000 < 
| 
76 0 0+ 
4 Fic. 5.—Tension Test Data for 5 per cent Chromium, 0.50 per cent Molyb- 
79 denum Steels at Room Temperature (75 F., 24 C.), 1000, 1100 and 8 
86 1200 F. (540, 595 and 650 C.). 
. Longitudinal (L) and transverse (T) specimens. Steel I—0.139 per cent carbon. Steel 


II— 0.181 per cent carbon. Treatment C—slow cooled from 1550 F. (845 C.). 
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Fic. 7.—Time-Deformation Curves at 1100 F. (595 C.) for 5 per cent Chro- 
mium, 0.50 per cent Molybdenum Steel. 


¥ Longitudinal (L) and transverse (T) specimens. Steel II—0.181 per cent carbon. Treat- 
ment C—slow cooled from 1550 F. (845 C.). 


Nots.—(X) signifies the inside surface of the still tube. 


l.e 


oO 
@ 


oO 
@ 


oO 


Deformation, per cent (for ID-L2 and ID-Te) 


oO 
Deformation, percent (for ID-T!) 


oO 


oO 


oO 
> 


Oo 
b 


oO 
ro 


Deformation, per cent (for I D-L2) 


200 400 600 800 1000 1200 
Time, hours 


Fic. 8.—Time-Deformation Curves at 1100 F. (595 C.) for 5 per cent Chro- 
mium, 0.50 per cent Molybdenum Steels. 
Longitudinal (L) and transverse (T) specimens. Steel I—0.139 per cent carbon. Steel 


II—0.181 per cent carbon. Treatment D—Normalized from 2100 F. (1150 C.), reheated 
6 hr. at 1425 P. (775 C.). 
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Fic. 9.—Time-Deformation Curves at 1100 F. (595 C.) for 5 per cent Chro- 
mium, 0.50 per cent Molybdenum Steels. 
Longitudinal (L) specimens. Steel I—0.139 per cent carbon. Steel II—0.181 per cent 
carbon. Treatment A—slow cooled from 1550 F. (845 C.), reheated 6 hr. at 1425 F. (775 C.). 


Treatment B—normalized from 1550 F. (845 C.), reheated 6 hr. at 1425 F. (775 C.). 
ment E—slow cooled from 2100 F. (1150 C.). 


Note.—(X) signifies the inside surface of the still tube. 
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Fic. 10.—Time-Deformation Curves at 1200 F. (650 C.) for 5 per cent Chro- 
mium, 0.50 per cent Molybdenum Steels. 


Longitudinal (L) and transverse (T) specimens. Steel I—0.139 per cent carbon. Steel 
II—0.181 per cent carbon. Treatment C—slow cooled from 1550 F. (845 C. ye 
Notg.—(X) signifies the inside surface of the still tube. 
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temperatures and loads maintained meanwhile, and the difficulty 
corrected. 

In Fig. 11 are shown data for the total deformations calculated 
to result from the various stresses in 10,000 hr. ‘These values were 
obtained by extrapolating the time-deformation curves at the same 
rate of elongation as existed over the latter part of the test period, 
as indicated in Tables V and VI. This method gives a lower stress 
than the stress producing a secondary elongation rate of the same 
magnitude, since the values for total deformation depend on the 
magnitude of the initial elongation as well as the secondary rates of 
elongation. However, the stresses for 1 per cent in 10,000 hr. are 
nearly the same, using both methods as is shown in Table VII. oar 
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Fic. 11,—Effect of Stress on Total Deformation in 10,000 hr. for 5 per cent 
Chromium, 0.50 per cent Molybdenum Steels. 


For heat treatments, see text, page 3. y poe 
Steel I—-0.139 per cent carbon. Steel II—0.181 per cent carbon. a ~— 
DISCUSSION OF TEST DATA 


Creep Tests.—Figure 11 and Table VII show that steel II with 
0.181 per cent carbon, with only one exception, showed superior creep 
resistance as compared with steel I with the slightly lower carbon 
content of 0.139 per cent. There is a difference in creep resistance of 
about 800 to 1000 lb. per sq. in. between the two steels. 

In the tests at 1200 F. (650 C.) at a load of 3000 lb. per sq. in. 
occurred the only instance in which steel I (treatment C) showed a 
lower rate of elongation than steel II. The tests showed that the 
longitudinal specimens possessed better creep resistance than trans- 
verse specimens given the same heat treatment. The difference in 
properties was small, however, and as shown in Table VII the stresses 
for 1 per cent in 10,000 hr. varied only 300 to 350 lb. per sq. in., or 


less than 10 percent. 
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For comparing the effects of the various heat treatments, creep 
tests were run at one load only, estimated to produce deformations of 
5 per cent in 10,000 hr. For steel I the tests were run at 5250 lb. per 
sq. in. and for steel II at 6060 lb. per sq. in. Tables V and VI give 
the rates of elongation, while Table VIII and Fig. 11 show the total 
deformation estimated to result in 10,000 hr. 

The creep resistance of the specimens given the C and A treat- 
ments seems about equal. Apparently the reheating at 1425 F. 
(775 C.) for 6 hr. in treatment A has had little effect on creep properties. 
This is of particular interest because it indicates that in service short 


TABLE VII.—CrEEP DATA For STEELS GIVEN ANNEALING TREATMENT foe. 
TESTED AT 1100 F. (595 C.). 


Ib. per sq. in. 


4100 
3800 


5100 
4850 


VIII.—Estimatep PERCENTAGE TOTAL DEFORMATION IN 10,000 HR. 
AT 1100 F. (595 C.). , 


Treatment A, Treatment E, Treatment B, Treatment D, 
Treatment C, Slow cool-— Slow cool— Normalize— Normalize— 
Slow cool— 1550 F. (845 C.), |2100 F. (1150 C.),| 1550 F. (845 C.), |2100 F. (1150 C.), 
1550 F. (845C.) | reheat 6 hr., reheat 6 hr., reheat 6 hr., reheat 6 br., 
1425 F. (775 C.) | 1425 F. (775 C.) | 1425 F. (775 C.) | 1425 F. (775 C.) 


Stress—5250 Ib. per sq. 
sq. in., Steel I 4.31 5.31 0.40 20 


Stress, 6060 Ib. per sq. 
in., Steel II 2.81 2.61 0.45 22 


periods of overheating would cause little effect on the creep properties 
of materials given treatment C. This was expected, since the photo- 
micrographs showed little difference between the two treatments. 

The specimen given treatment B (normalized from 1550 F., 
845 C., reheated 6 hr. 1425 F., 775 C.), showed the poorest creep 
resistance. This indicates slow cooling rather than fast cooling to be 
preferred to obtain best creep properties in the 5 per cent chromium, 
0.50 per cent molybdenum steel. 

The specimen given treatment D (normalized from 2100 F., 
1150 C., reheated 6 hr. 1425 F., 775 C.), showed better creep resistance 
than treatment*B¥as*normalized]from'the lower temperature. How- 
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ever, its creep resistance was not equal to that given by the normal 
anneal (treatment C). 

Since the large grain resulting from treatment D gave better 
creep resistance than treatment B, it was thought advisable to 
determine the creep resistance of several specimens slow cooled from 
2100 F. (1150 C.) with the thought that better creep resistance might 
be obtained than from treatment C due to the higher heating tem- 
perature. This has proved to be the case, for the time-deformation 
curves shown in Fig. 9 and the data in Table VIII indicate a lower 
rate of elongation for specimens given treatment E than for any of 
the other four treatments. However, it should be remembered that 
treatment E produced a very low impact resistance which would 
prohibit its use regardless of its superior creep resistance. 

These data suggest that possibly better creep resistance than 
produced by treatment C (slow cool from 1550 F., 845 C.) could be 
secured by slow cooling from a somewhat higher temperature than 
1550 F. (845 C.), which would not at the same time affect the impact 
resistance of the material appreciably. It should be remembered that 
the excessively high temperatures were used only to produce maxi- 
mum structural differences so that good comparisons could be made. 

Physical Properties After Creep Test.—Photomicrographs were 
made after creep test of the structure of specimens IC-T3 (1346 hr. 
at 1100 F., 595 C., loaded to 3250 lb. per sq. in.) and I[C-T4 (1596 hr. 
at 1100 F., 595 C., loaded to 4800 Ib. per sq. in.). There was no 
detectable change in the microstructure from that shown in Figs. 1 
and 2 for the two steels with treatment C before test. This was as 
expected, because slow cooling should tend to produce a stable struc- 
ture. As no differences were noted, the photomicrographs are not 
shown. 

Short-time tension tests were made on four longitudinal specimens 
at the same temperature at which they were tested for creep. The 
results are shown at the bottom of Table IV. There were only small 
reductions in yield and ultimate strengths and ductility values. 
These data further indicate the stability of the two steels given 
treatment C. 

Izod impact tests using both keyhole and V notches were made 
on specimens of all treatments after creep test. The data are shown 
in Tables V and VI. The V notch seemed more selective, in that it 
indicated greater differences than the keyhole notch. Loss of impact 
resistance was less than 10 per cent for longitudinal and transverse 
specimens of both steels with treatment C tested with keyhole notch 
after creep test at 1100 F. (595 C.). A larger reduction was noted 
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when using the V notch but the material still showed good ductility. ‘Ae ; 
For transverse specimens, whose initial impact resistance was lower 
than for longitudinal specimens, for steel I the drop was from 71 to 
61 ft-lb. and for steel II it was from 76 to 54 ft-lb. 
For treatment D, steel I dropped from 104 to 83, and steel IT 
from 101 to 85 ft-lb. after creep test at 1100 F. (595 C.). a a 
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creep test at 1200 F. (650 C.) both steels show impact resistance at 
about 50 ft-lb. as compared with original values of 71 to 76 ft-lb. 
Specimens of both steels given the A or B treatments show snietinaiie:: 
no change after creep test at 1100 F. (595 C.). Specimens of both 
steels given treatment E showed practically no change after creep 
test at 1100 F. (595 C.) from the very low impact resistance indicated 
as heat treated. 

Rockwell hardness determined before and after creep test on the 
two steels given the various heat treatments showed little or no 
change. The values are indicated in Tables V and VI. 

Comparison with Published Data.—H. D. Newell' has published 
data obtained by Norton showing 4800 Ib. per sq. in. for deformation 
of 1 per cent in 10,000 hr. for an annealed 4 to 6 per cent chromium, 
0.50 per cent molybdenum, 0.20 per cent (maximum) carbon steel 
tested at 1100 F. (595 C.) The creep data herein reported for the 
higher carbon steel II show 4850 and 5100 lb. per sq. in. for transverse 
and longitudinal material respectively, indicating a good check between 
the two sets of data. The short-time tensile strength data at 1000, 
1100 and 1200 F. (540, 595 and 650 C.) shown in Table IV and Fig. 5 
check quite closely the data published by Newell,! except for per- 
centage elongation, in which case Newell’s data are a little higher. 
The short-time tensile strength data for an annealed and drawn 
0.21 per cent carbon, 4.5 per cent chromium, 0.6 per cent molybdenum 
steel as given by F. B. Foley* show a much higher tensile strength 
and lower elongation. Full details of the heat treatments are not 


Increase in carbon content from 0.139 to 0.181 per cent in a Sia 
5 per cent chromium, 0.50 per cent molybdenum steel increased the ar 
physical properties and creep resistance materially. 
Longitudinal material showed better creep resistance than trans- 
verse material of either carbon content, but the differences were small 
and less than 10 per cent. 


1H. D. Newell, “Alloy Steel Tubes for Refinery Service,” Refiner and Natural Gasoline Manu- 
facturer, Vol. 12, No. 4, April, 1933, p. 122. 


2 FP. B. Foley, ‘Characteristics of Steel at Biovated Refiner and Natural Gasoline 
Manufacturer, Vol. 12, No. 5, May, 1933, p. 180. ee 


= 


= 


al 
eT 
to 
ym 
ht 
m- 
on 
ver 
of 
iat ‘ 
uld 
— 
1an 
act 
hat | 
axi- 
ide. | 
yere 
hr. 
no | 
Ss. 
S as 
ruc- 
not 
nens 
The 
mall 
lues. | 
riven 
nade | 
at it 
| 
verse | 
oh | 


Better creep properties were obtained from slow-cooled materials 
as compared with normalized materials. 
Uniform structures with well-defined grain were obtained by 
slow cooling, but normalized and reheated materials of comparable 
j= showed less uniform structures. 
Impact resistance of transverse material was lower than for 
longitudinal material. 
Impact tests made on specimens subjected to load and temperature 
_ for 1000 hr. or more revealed no notable drop in toughness. With 
_ some of the structures resulting from initial heat treatment, slight 
reduction was noted; but even in these cases a large measure of 
toughness remained. 
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Mr. J. J. (by letier)—-The short-time and 
tension test data which Cross and Johnson have so excellently pre- 
sented substantiate some results obtained at Crane Co. Laboratory 
upon a piece of still tubing of the same type of analysis as the two 
reported upon. Inasmuch as Battelle Memorial Institute and Crane 
Co. are employing similar apparatus in high-temperature testing, the 
results are offered for what they are worth in making a comparison 
of data. 
Tests were made upon specimens taken from a section of tubing 
furnished by the National Tube Co. of 4-in. outside diameter and 
g-in. nominal wall thickness, having the following analysis: stent, 


Carbon, per cent........... 0.075 Silicon, per cent............ 0.05 
Manganese, per cent.......0.43 Nickel, per cent............ 0.19 
Sulfur, per cent............ 0.010 Chromium, per cent......... 5.18 
Phosphorus, per cent....... 0.011 Molybdenum, per cent...... 0.44 


This tubing was tested in the annealed condition as supplied, 
the hardness being Rockwell, ‘““B” scale, 68.5 (Brinell 122). 

Threaded test bars were turned from longitudinally cut strips 
of tubing. The breaking sections were 0.380 in. in diameter and of 
2-in. gage length. The wall thickness of the tubing was somewhat 
greater than the nominal ? in. (0.375), which permitted the 0.380-in. 
diameter. 

Short-time tensile properties of this tubing at various tempera- 
tures are given below: 


Temperature of Test 


RES 


It will be noted that the strength of this tubing is consistently 
lower at all temperatures than those reported by Cross and Johnson. 
This is no doubt attributable to its much lower carbon content, 0.075 
per cent, as against 0.139 per cent and 0.181 per cent in the materials 
used by the authors. 


Testing Engineer, Crane Co., Chicago, 
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The creep tests for this low-carbon 5 per cent chromium, 0.5 

- per cent molybdenum tubing were made at three stresses: 30,000; 
10,000; and 3000 Ib. per sq. in. 

‘ The data are represented graphically in the accompanying Fig. 1 

- showing a comparison of the temperatures at which a total deforma- 

4 tion of 1 per cent in 10,000 hr. occurs determined by “‘step-tempera- 

ture” procedure with the short-time tensile and yield strength curves. 

This comparison indicates that at temperatures above 760 F. (405 C.) 


100 200 300 400 500 600 & =the 
sid uy 
rule 


200 400 - 600 800 1000 1200 isa = 


Temperature, deg Fehr 
Fic. 1.—Chromium Molybdenum Steel Tubing. 


yield strength is in excess of the 1 per cent in 10,000 hr. creep stress 
criterion. 

Interpolating upon the creep curve a value of about 4800 lb. 
per sq. in. is found for 1100 F. (595 C.), the comparison temperature 
used by the authors. Similar values given by them are 4100 and 5100 
lb. per sq. in., respectively, for their two steels. As comparisons of 
creep data from different sources go, this is fairly good agreement, our 
value lying within the range of the authors’ two values. Summarizing 
these values with Newell’s, and another estimated from determinations 
by Clark, sel and White at 1000 and 1200 F. (540 and 650 C.), 


we have: 
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beret CARBON, IN 10,000 ur. AT 1100 F., 


Source in PER CENT LB. PER SQ. IN. 
Crane Co 0.075 


4800 

Clark, Taylor and White 


Cross and Johnson 5100 ‘ 
0.20 (max.) ol 4800 


This comparison indicates a lack of correlation between creep 
strength and carbon content. A conclusion to the effect that carbon 
content over the range 0.075 per cent to 0.20 per cent is not a factor 
in the creep strength, is not warranted. The other variables en- 
countered in creep testing, such as temperature measurement and 
control, non-uniformity of material, and other differences in methods 
of test and evaluation of data, may be responsible for discrepancies 
great enough to make fine-haired analyses of creep data unwarranted. 
It is encouraging, however, that the four sources of values do not show 
the great disparity often found between different creep investigators. 

Mr. F. B. Forey! (by letter)—The authors cite agreement be- 
tween Norton’s 4800 lb. per sq. in. producing 1 per cent in 10,000 hr. 
creep in a 0.20 per cent carbon steel with their 4850 and 5100 lb. per 
sq. in. for 0.18 per cent carbon steel. Their 0.18 per cent carbon steel 
showed about 1000 Ib. per sq. in. higher load, for the same deformation, 
than their 0.14 per cent carbon steel. It seems to me that if an 
increase of four points in carbon causes 1000-lb. increase in strength, 
two points might be expected to do something, although even so the 
comparison is good for creep-testing data. But referring to the com- 
parison of Cross and Johnson’s results with those of mine that have 
been cited, I believe composition and possibly also treatment may 
explain the difference. The following is the complete data on the 
steel we tested: 


Carbon Manganese Silicon Chromium | Molybdenum 


0.21 0.65 0.52 4.56 0.57 
0.18 0.40 0.33 4.96 0.49 


1700 F. (925 C.), 1 hr., air cool; 1600 F. (870 C.), 1 hr., slow cool; 1200 F. (650 C.), 1 hr. 
Brinell 241. 


F. (845 C.), 1 hr., furnace cool to 1500 F. (815 C.), then 25 F. (14 C.) per hr. to 
F, C.); then furnace cool to 1000 F. (540 C.); then air cool. 


Yield 


d 
1100 540 
1150 565 


1000 540 
1100 595 


1 The Midvale Co., Pe, 


| 
| 
| 
= 
| 
| 
Composition, per cent 
Treatment: 
ture Cross and Johnson. 
5100 Results: — 
s of Propor- — 
trength, | Limit, | Strength, | | | Reduction 
, our Ib. per’ | Ib.per | Ib. per’| Ib. per | in2in,, | Of Ares, — 
ions = 71900 | 17500 | ...... | 40000 | 29.5 82.2 | | 
49500 | 10500 | |..... | 24000 | 35.5 87.9 
vo 44700 | ...... | 18750 | ...... | 45.0 83.1 
36300 | ...... | 16900 | |... | 423 87.3 — 
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— At room temperature the authors found that their rectangular 
tension test specimens gave lower tensile and yield strength and 
higher ductility than standard 0.505-in. test bars. This also may help 
to account for the difference in properties, mine having been obtained 
with standard 0.505-in. test bars. 

Mr. C. M. Logs, Jr.—I should like to ask Mr. Cross how he 
accounts for the very low impact strength obtained from slow cooling 
at 2100 F. (1150 C.). 

Mr. H. C. Cross.2—The only thing we can say is that it is a 
very coarse pearlitic structure. 

Mr. Lores.—I should not expect such very low impact even from 
the larger grains with the low Brinell hardness. 

Mr. Cross.—We did not expect it, either; we were very much sur- 
prised to find it. It is to be regretted that material with such good 
creep resistance should have such low impact resistance. This suggests 
a heat treatment such as slow cooling from a higher temperature be- 
tween 1550 and 2100 F. (845 and 1150 C.), admittedly giving a lower 
impact resistance than for material slow cooled from 1550 F. (845 C.) 
but at the same time possibly obtaining better creep properties. 

Mr. R. P. DEVries.*—I should like to ask whether any tests 
were made to see whether normal heat treatment, say about 1700 F. 
(925 C.) oil quench with rather high draw in the neighborhood of 1200 
to 1400 F. (650 to 760 C.) would produce any appreciable change in 
the strength shown in short-time tension tests. Various materials 
which the Germans recommend for these same purposes are also 
recommended to be heat treated along the above-mentioned lines. 

Mr. Cross.—The short-time tension tests showed higher yield 
strengths and ultimate strengths without any marked change in 
ductility for materials that were normalized and drawn as compared 
with slow-cooled materials. I suppose that equal or better short-time 
tensile properties would be obtained from materials oil quenched and 
drawn as were obtained from materials normalized and drawn. 

Mr. J. A. Matnews.‘—In reference to Mr. DeVries’ inquiry 
concerning oil-tempered and drawn steel versus steel in the annealed 
condition, in the oil-still industry, annealed tubes are generally used, 
whereas for bolts and studs oil-hardened and tempered steel is the 
common practice. We have found higher creep resistance in the 
oil-hardened and tempered material for studs, by 1000 or 1500 lb. 
per sq. in., compared with similar steel to that used in still tubes. I 
believe the oil-hardened and tempered steel would give better _— 
than either normalized, or normalized and annealed. 


! Metallurgical Engineer, Climax Molybdenum Co., New York City. Te 6 

2 Metallurgist, Battelle Memorial Institute, Columbus, Ohio. ere. 

8 Director of Research, Ludlum Steel Co., Watervliet, N. Y. 

* Vice-President and Director of Research, Crucible Steel Company of America, New York City. 
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THE INTERPRETATION OF CREEP TESTS con 


By P. G. McVetry! 


da 


SYNOPSIS 


Creep tests are so widely used to evaluate metals and alloys for elevated — 
temperature service that it becomes desirable to review the whole subject of ‘ 
their requirements and limitations. In the past ten years, design has advanced — 
rapidly toward higher temperatures, and the materials being offered to meet — 
these new conditions are vastly different from the simple carbon steels formerly _ 
used. If it were possible to conduct creep tests under exact simulation of 
working conditions and over a period of time comparable with the expected = 
service life, there would be little difficulty in interpreting the results. In 
addition to the prohibitive cost of such a procedure, experience has shown 
that the materials would be obsolete long before the completion of such a — 
testing program. It is less than twelve years since the results of some of the — 
earliest creep tests were published by Dickenson, while a service life of 20 
years is frequently demanded. As a result, creep tests must be anes 
if they are to have design value and the time ratio may be as great as 100 to a \~ 
Granting all the objections to extrapolation, it may be looked upon as a neces- . 
sary evil. 
This paper discusses the fundamental nature of the creep curve and re 
probable effect upon it of strain-hardening, annealing, age-hardening, and 
other phenomena associated with the long exposure of complex alloys to = 
at elevated temperatures. The possible effects of “‘creep-recovery” are men- 
tioned. Examples are given to show how, under suitable conditions, published | 
creep data may be correlated. An attempt is made to stimulate interest in — 
general subject of interpretation of creep data in the hope that a more intensive 
study will dev evelop | better 1 methods than those commonly used. 


The term ‘ “creep rate”’ has become so familiar in the past 

years that there is a tendency to ignore the assumptions back of a 
The doubts as to its significance which resulted from differences i 

testing technique have been partially dispelled by the adoption of a 
test code? which, theoretically at least, makes all creep tests com- 
parable. We find, as a consequence, the creep rate taking a similar 
place in the evaluation of materials at elevated temperatures that the 
yield strength holds at normal temperature. The designer is eager 


1 Mechanical Engineer, Research Laboratories, Westinghouse Electric and Manufacturing Co., 
East Pittsburgh, Pa. 

2 Tentative Method of Test for Long-Time (Creep) High-Temperature Tension Tests of Metallic 
Materials (E 22-33 T), Proceedings, Am. Soc. Testing Mats., Vol. 33, Part I, p. 1004 (1933); also 
1933 Book of A.S.T.M. Tentative Standards, p. 1038. 
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to accept the term because it can be so readily adapted to his needs. 
It allows a convenient comparison of materials, a direct basis for the 
assignment of working stresses and, by suitable mathematical treat- 
ment, an indirect solution of many design problems involved in the 
use of metals and alloys at high temperatures. 

It is a peculiar fact, however, that those who are most familiar 
with high-temperature testing and with the vagaries of complex 
alloys under stress at elevated temperatures are somewhat reticent 
about their interpretation of creep tests. They foresee the possible 
effects of slight changes in the many variables involved during the 
tests and in subsequent service, and they hesitate to predict the 
performance of a new alloy, especially if the allowable deformation 
must be held within close limits. 

Since it is one of the main functions of the Society to bring 
together the viewpoints of the producer and the consumer, it seems 
fitting at this time to discuss the interpretation of creep tests. We 
have on one hand a demand for reliable data which can be used to 
support the progress of design toward higher temperatures; on the 
other hand, we find available materials exhibiting strange peculiarities 
which make it difficult to evaluate them by any simple method. The 
designer specifies an estimated time-temperature cycle, desired service 
life and limiting deformation, and asks what stress he may use safely. 
It is this apparently simple question which has stimulated creep 
testing for over ten years. The answer is complete only if it gives the 
allowable stress and cost per pound of all available materials, since 
the economic side of the problem also must be considered. It is 
obvious that any change in the specified variables must have its effect 
upon the allowable stress. To satisfy the need for design information 
it is necessary, therefore, to establish for each material the relations 
among the four variables—stress, strain, time, and temperature 
covering the desired range for each variable. 


hh SIGNIFICANCE AND LIMITATIONS OF THE CREEP RATE 


_ Of the various methods of interpretation that have been proposed, 
the simplest combines strain and time into creep rate. For a single 
temperature the logarithm of this rate is then plotted against the 
stress or the logarithm of the stress giving an approximately straight 
line and an implied relation expressed by an exponential or power 
function. These curves permit easy interpolation between test 
stresses and extrapolation to lower stresses and they have been widely 
used because of their convenience. The fact that some authorities 


use a power function while others use an ex nential function to 
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express the relation between stress and creep rate at constant tempera- 
ture shows a lack of data to decide which is correct. Either method 
has a decided disadvantage in that logarithmic plotting prevents use 
of the assumption that creep rate is zero when stress is zero. The 
inference, also, that a definite creep rate may be associated with each 
combination of stress and temperature is open to criticism. Further- 
more, the use of a creep rate in this way suggests no limitation upon 
the variable, time. In other words, it is assumed that the creep curve 
is a straight line through the origin and that it may be prolonged 
indefinitely. It is difficult to reconcile these assumptions with actual 
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Fic. 1.—Creep Curves for Several Stresses at Constant Temperature. aaa 


creep data. Since our present methods of analysis lead to doubtful 
conclusions, it is desirable to make a new survey of the problem in 
the light of available data. ; 

INTERPOLATION AND EXTRAPOLATION OF CREEP CURVES 4 


In Fig. 1, curve A represents a typical creep curve as obtained 
at constant temperature and a relatively high stress. An elastic 
deformation results from the application of the load after which 
creep proceeds at a gradually diminishing rate. At a an inflection 
occurs after which the creep rate increases until the test specimen 
breaks. Curve B is similar for a lower stress, the longer time to pro- 
duce fracture resulting from lower creep rates. As the stress is 
further reduced, similar tests on ee specimens give curves 
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C, D, E, F and G. The locus of points of inflection, RS, is not well 


_ known because tests are seldom carried beyond the line MN. Available 


increasing creep rate occurs at a gradually diminishing value of total 


deformation represented by the points, a, b, c,d and e. To determine 


the inflection points for curves F and G would require tests of extremely 


Ag? 


ey long duration. As the stress decreases, the creep curve is essentially 


a straight line for a progressively longer period of time as it approaches 
its inflection point. Theoretically, the rate is continuously decreasing 


but actually, the line may be considered straight without serious 


error. ‘The nature of the curves is such that we may expect the 
increase of rate to be equally slow after the inflection has been passed. 


that the creep curve approaches a straight line is sufficiently accurate 
for many purposes. In no case, however, does the straight line pass 
through the origin. In other words, its equation must have the form 


€,+,f rather than = Any analysis of families of creep 


curves must make some allowance for the more rapid creep rate in 
the initial stage. 


CREEP OF PuRE METALS—STRAIN HARDENING AND ANNEALING 


To simplify the discussion of creep phenomena, let us consider 
that the curves of Fig. 1 represent tests of a pure metal, thus elimi- 
nating any possibility of solid solution or precipitation of constituents. 


For such a material, the decreasing creep rate in the first stage may be 
attributed to strain hardening which results from the gradually in- 


creasing deformation. If it were not for the softening effect of 
temperature upon strain-hardened material, this might continue 


_ indefinitely as the creep rate approached zero. 


Studies of the effect of temperature upon strain-hardened material 
show that the time required to produce softening at a given tempera- 
ture decreases as the amount of deformation increases. This softening 


tends to increase the creep rate. 


In this ideal case, we have two opposing forces, one decreasing 
and the other increasing in magnitude as time goes on. It should be 
noted that separate studies of both the strain-hardening and the 
annealing effects reveal no discontinuities and a creep curve represent- 
ing the net effect of the two phenomena must have a point of inflection 
as shown in Fig. 1. In the absence of a more complete explanation, 


c _ we may say that the form of the typical creep curve is greatly influenced 


if not entirely controlled by strain-hardening and annealing during the 


progress of the test. If practical considerations restrict our tests to 
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that portion of the curves lying to the left of line MN, we may use 
the reasoning outlined above to supply the dotted portions of the 
curves representing the longer times found in service. Without some 
simplification of this kind it would be practically impossible to analyze 
the very complicated conditions actually existing and make allowance 
for necessary departures from the assumed simple relations. It must 
not be inferred, however, that these departures are negligible. 


CREEP OF COMPLEX ALLOYS—STRUCTURAL CHANGES 

Recent tests of complex alloys have revealed many peculiarities. 7 im 

For example, impact tests before and after creep tests frequently ae 

show marked embrittlement of the material due to long exposure to 4 

stress at high temperature. This, in itself, may be enough to prevent = =~» 

the use of the material where good ductility is considered essential = 
For the purpose of this discussion, it is more important to consider ae i 
the fact that the data obtained from the creep tests must have been 

influenced by the gradual structural change within the material. _ 
The propriety of extrapolating such a test to cover a long service life > 
is extremely questionable. 


Another example recently came to the attention of the author bs 


in which a test showed continuous negative creep over a period of 
2500 hr. This can only be explained by a structural change causing _ 
a decrease of volume which completely masked the natural creep in 
the direction of the applied stress. One advantage of a test of this _ 
kind lies in its warning to investigate structural stability. A more | 
dangerous case is the one in which structural change decreases all 
the creep rates in a series of tests without showing negative creep. 
Special precautions are necessary at all times to avoid this possibility 
if the data are to be used for design purposes. Ye 
From these examples, it is apparent that creep tests are vitally 
affected by structural changes during the progress of the test and nf < 
their interpretation is affected also by subsequent changes in service. __ 
The lack of structural stability of non-ferrous materials has received md 
considerable attention.'? Recent investigations indicate that the _ 
alloys recommended for high-temperature applications are subject to _ 
similar changes. This introduces a metallurgical problem cmon = 


changes into three broad classes. A 
gradually to a maximum, and continued exposure to stress and tem- 


a 
1 P. D. Merica, “The Age Hardening of Metals,” Transactions, Am. Inst. Mining and Metallurgical 
Engrs., Inst. Metals Division, Vol. 99, p. 13 (1932). 


?F. R. Hensel and E. I. Larsen, “Age-Hardening Copper-Titanium Alloys,” ee 
Am, Inst. Mining and Metallurgical Engrs., Inst. Metals Division, Vol. 99, p. 55 (1932). 
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perature produces no appreciable further change. The effect of this 
type of change is similar to that of strain-hardening. If the condition 
of approximate stability finally reached is not accompanied by em- 
brittlement or other undesirable effects, the creep curve will merely 
show lower creep rates in the early stage and a longer time to reach 
the inflection point. This offers no difficulty of interpretation. 

The second works in the opposite direction, a familiar example 
being the gradual spheroidization of cementite which has been studied 
by Bailey and Roberts' and others. If a long life is desired and the 
allowable deformation is small, the stable condition may be obtained 
prior to the test by suitable heat treatment, so as to make the extrapo- 
lation of the creep curves more reliable. It is evident, however, 
that it may be possible to secure a long service life before the spheroidi- 
zation affects the strength seriously. This is equivalent to an increase 
in the annealing effect mentioned for a pure metal. Careful study of 
an individual case should allow the use of a higher stress than would 
be permitted in following hard and fast rules. 

The third type of age-hardening involves a gradual increase to 
a maximum followed by a similar decrease to a condition of approxi- 
mate stability. Alloys showing this phenomenon during the creep 
test give results particularly difficult to interpret. This does not 
prevent their use, however, because it is usually possible to apply a 
stabilizing treatment prior to the creep tests to bring them into 
approximate equilibrium with test and service conditions. Any 
attempt to take advantage of a temporary improvement in creep 
properties due to this type of age-hardening should be avoided, if 
allowable deformation is the criterion of safety. 

From this it is evident that the interpretation of creep tests 
requires some familiarity with the characteristics of the materials 
and such auxiliary tests or preliminary heat treatment, or both, as 
may be found necessary to justify extrapolation. If a family of creep 
curves is interpreted without considering the possibility of lack of 
stability, the results may be decidedly misleading. If a published 
creep rate for a given stress and temperature is accepted without 
question and used for design purposes the danger of improper interpre- 
tation is further increased. 

It has been suggested? that the entire responsibility of interpre- 
tation be placed upon the designer. This imposes a serious additional 
burden upon the factor of safety and it may lead to the elimination 


1R, W. Bailey and A. M. Roberts, “ Testing of Materials for Service in High Temperature Steam 
Plant,” Proceedings, Inst. Mechanical Engrs., Vol. 122, p. 209 (1932). 
2H. W. Gillett and H. C. Cross, ‘‘Obtaining Reliable Values for Creep of Metals at High Tem- 


peratures,” Metals and Alloys, Vol. 4, No. 7, July, 1933, p. 91. aimee i 
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tion. It would seem fairer to all concerned if the evaluation of 
materials resulted from the closest cooperation between the metal- 
lurgist and testing engineer. It is obvious that best results can be 
obtained by bringing together full knowledge of service conditions, 
metallurgical characteristics of available alloys and the results of 
suitably chosen tests. This cannot be accomplished by a mere 
tabulation of creep rates for design use. 

It is out of the question to suggest that further progress in design 
wait for the better test data which may be expected from the use of 
the new test code.' In the meantime, the maximum use must be | 
made of the data from various scurces now available. These data 
have been acquired at considerable expense in various laboratories in _ 


TABLE I.—CrEEP DaTA ON CAST AND ForGED STEEL (TAPSELL AND JOHNSON). 


Initial Prd 
Final Strain,| ‘Time, | Minimum Creep Plastic | Elastic | 
in. to, tol, in, perinch in, | Strain, 
por inch =. be. €o= €—tot, | in. per inch 
in. per inch ae 


0.30 per cent Carson Cast at 400 C. (750 F.). 

35 840 0.0368 960 00000125 0.01200 0.0248 0.0014 
33 600 0.0267 720 00000072 0.005184 0.0215 0.0013 0.0202 
31 360 0.0209 864 00000050 0.004320 0.0166 0.0012 0.0154 
29 120 0.0163 1368 00000030 0.004104 0.0122 0.0011 0.0111 
25 760 0.0072 912 000000148 0.001350 0.00585 0.0010 0.00485 
22 400 0.0036 1656 0000000375 0.000621 0.00298 0.00087 0.00211 


42 560 0.0229 504 0 .00001230 0.0061992 0.0167 0.00174 0.01496 
35 840 0.0104 1080 0.00000268 0 .0028944 0.0075 0.00146 0.00604 
29 120 0.0055 4128 0000000375 0.0015480 0.0040 0.00119 0.00281 


this country and abroad. In many cases, fairly reliable interpretation 
is possible; in others it is inevitable that misleading conclusions may 
be reached. By suitable correlation of data, tests notably out of line 
may be weeded out and replaced by a few carefully chosen check 
tests. In this survey nothing can take the place of sound engineering 
judgment. 

It has been stated that the designer requires a knowledge of the 
relations among the four variables—stress, strain, time and tempera- 
ture. The first two are covered in the conventional short-time 
tension test,? the first three in the creep test! and the fourth by con- 


ducting short-time tension and creep tests at suitably chosen 
temperatures. 


1 Tentative Method of Test for Long-Time (Creep) High-Temperature Tension Tests of Metallic 
Materials (E 22-33 T), Proceedings, Am. Soc. Testing Mats., Vol. 33, Part I, p. 1004 (1933); also 
1933 Book of A.S.T.M. Tentative Standards, p. 1038. 

* Tentative Method of Test for Short-Time High-Temperature Tension Tests of Metallic Mate- 
rials (E 21-33 T), Proceedings, Am. Soc. Testing Mats., Vol. 33, Part I, p. 996 (1933); also 1933 
Book of A.S.T.M. Tentative Standards, p. 1030. 
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Creep REcoveRY—EFFECT OF STRESS CHANGES 


A paper on this subject would be incomplete without reference 
to the possibility of ‘creep recovery.” It has been known for several 
years that removal of the stress in the creep test may be followed by 
a recovery of part of the creep. A recent paper’ shows a creep test 


Intral 
| | 
0.020  0.0000100 2.0040 Deformation 


| 
Effect of Stress on 
Constants and V, 
mn Equation 


Initial Plastic €>, in. per inch 


16 000 24 000 32000 
Stress , 6, Ib. per sq. in. 
Fic. 2.—National Physical Laboratory Creep Tests of 0.30 per cent Carbon 
Cast Steel. 


pe Annealed 800 C. (1470 F.), 19 hr. Rough machined. Annealed 550 C. (1020 F.),6 hr. Tested 
at 400 C. (750 F.) (H. J. Tapsell and A. E. Johnson, Special Report No. 17, Department of Scientific 
and Industrial Research (1931). 


of a nickel-chromium-molybdenum steel at 450 C. (840 F.) and a 
stress of 22,400 lb. per sq. in. Reduction of the stress to 896 lb. per 
sq. in. for a period of 500 hr. caused a recovery of about 60 per cent 


1H. J. Tapsell and L. E. Prosser, “High Sensitivity Creep Testing Equipment at the National 
Physical Laboratory,” Engineering, February 23, 1934, p. 212. 
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of the creep which had occurred in the first 1500 hr. The author 
found similar results in tests of a medium-carbon steel in 1925. This 

is extremely important for applications in which the stress is not 
continuously applied because a single long period at reduced stress 
would not be expected to have the same effect upon the creep curve __ 
as several shorter periods involving the same total time. The inter- _ 
pretation depends also upon the material because any structural ; 
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8000 16000 24000 32 000 ‘40.000 
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Fic. 3.—National Physical Laboratory Creep Tests of 0.39 per cent Carbon — ory ' 


Forged Steel. 


are 
Furnace cooled. Rough machined. Annealed 550 C. (1020 F.). Tested at 400 C. (750 F.). one a ; 


(H. J. Tapsell and A. E. Johnson, Special Report No. 17, Department of Scientific and Industrial — 
Research (1931).) 


instability affected by exposure to stress and high temperature would 
also be affected by a change in the stress. Under proper control, 
creep recovery offers an opportunity to increase the working stress in 
intermittent stress applications, but it is obvious that this advantage 
must be used advisedly. In a recent paper,! the author has sug- © 
gested a method of attack upon the miscellaneous creep data now 
available. The main purpose of such a survey will be to reduce all 
data to a comparable form to allow correlation. 

1P, G. McVetty, a Stresses for High-Temperature -stoeeel Mechanical Engineering, 


March, 1934, p. 149. : 
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A PROPOSED METHOD FOR INTERPRETING AND CORRELATING CREEP 
DATA. 


To show the possibilities of such a method, use will be made of 
creep data in a report by H. J. Tapsell and A. E. Johnson.!' The 
work was done at the National Physical Laboratory under the most 
favorable conditions for securing reliable data. The two materials 
were carefully heat treated prior to the tests to ensure stability. For 
the purpose of this analysis, the data in Table I have been taken from 
Tables II, III and IV of their report. 

Following the method previously explained,? each creep curve 
may be replaced, for the purpose of extrapolation, by a straight line 
having the equation: 

where ¢€’’ = final plastic strain or creep in inches per inch, ee 


¢,’ = initial plastic strain in inches per inch, 


Yo = minimum creep rate in inches per inch per hour, and 
¢ = time in hours. 

Since the values of €,’’ and », are functions of the applied stress, 
they may be so plotted as shown in Figs. 2 and 3. It would be very 
desirable to have tests at lower stresses but in their absence it is 
permissible to extend the curves to the origin. To facilitate the reading 
of values of the two variables at low stresses, each curve has been 
replotted to a larger scale on the same sheet with values indicated 
along the curves. 

By selecting values of €,’’ and v, from these curves for the desired 
range of stresses, it is possible to compute the creep at the end of 
various time intervals. This permits the plotting of the estimated 
creep at the end of 2 years, 4 years, etc., in a form which represents 
the effect of time upon the stress-strain curves as shown in Figs. 
4 and 5. 

These charts give the designer the desired information as to the 
relations among the variables stress, strain and time for the given 
temperature. They assume that inflections will not occur within the 
service life of the material at deformations less than one per cent and 
that the creep curve at low stresses may be extrapolated along the 
final tangent. They take into account the initial plastic deformation 
obtained by extrapolating the final tangent to zero time. 

If, for example, the designer wishes to know what stress he may 


1H. J. Tapsell and A. E. Johnson, “‘The Strength at High Temperatures of a Cast and Forged 
Steel as Used for Turbine Construction,” Special Report No. 17, Department of Scientific and Industrial 
Research (London) (1931). 

2P. G. McVetty, “Working Stresses for High-Temperature Service," Mechanical Engineering, 
March, 1934, p. 149. Claes 
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use to keep the plastic deformation within the limit of 0.5 per cent in 
10 years, he reads from Fig. 4 for the cast steel a stress of 10,700 lb. 
per sq. in. and from Fig. 5 for the forged steel a stress of 10,500 lb. 
per sq. in. Similar charts for other materials allow comparisons on 
the basis of allowable deformation and expected service life. 

This method of comparison is offered as a tentative suggestion. 
The difficulty in making corrections for the effects of changes in the 
many variables involved is fully realized. If, however, all available 
data we:e reduced to this form and compared, inconsistencies would 
be revealed and the reliability of all the data improved by a few check 
tests. It is only by correlation of this kind that the maximum value 
may be obtained from existing data. 

In mapping out any program of creep tests, economic con- 
siderations demand that their number and duration be reduced to 
an absolute minimum. By the method here suggested, it is possible 
to form some estimate of a new alloy by as few as two creep tests. 
If this preliminary study is encouraging, the accuracy of the work 


may be improved by more tests. 


CONCLUSIONS | 


In conclusion, it has been shown that creep tests have very 
definite requirements and limitations. While objections may be 
raised to their extrapolation, they are practically useless to the designer 
unless extrapolated to times representing the expected life in service. 
Some of the present methods of interpretation have been discussed 
with particular reference to the importance of structural stability in 
service. The use of creep rate alone to evaluate a material for a 
given stress and temperature has been shown to be incomplete. 
Finally, a method of interpretation has been suggested which offers 
some advantages over those previously used and indicates a possi- 
bility of correlating and making use of the large mass of creep data 
now available. 
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Mr. H. F. Moore.'—Possibly some statements as to the observed 


creep of lead and lead alloys may be of interest in connection with Mr. | 


McVetty’s paper. Lead flows at ordinary room temperatures and the 
flow is relatively rapid, so that simple apparatus can be used to study 
the phenomenon of flow. However, in connection with the study of 
lead it must be remembered that there is always the possibility of 


> 


recrystallization which may affect quantitative results. Bo 


For some years there has been going on in the Materials Testing ~ 
Laboratory at the University of Illinois a study of creep of lead and 
lead alloys, and there have been obtained some test results from tests 
showing a continuous flow for over 23 years. 


There is some indication that, at a given temperature, the rate of | 
creep of lead alloys tends to diminish, not in a straight-line relation i 


with stress, but in a relation which seems to give some indication that _ 


as stress diminishes the stress-creep line approaches a horizontal 
asymptote. The stress-creep curve looks something like a left-handed 
S-N diagram for a fatigue test, although the limiting stress is not 
nearly so clearly defined. So far we have found no stress, even at 
0 C. (32 F.), so low that no creep takes place in lead. 

Viewed through the metallographic microscope the creep of lead 
presents interesting features. A specimen is prepared by slicing lead 
on a microtome. A given small area is photographed with a magni- 
fication of about 100. This photograph shows merely scratches left 
by the microtome knife. After a few score hours of creep the outlines 
of the crystalline grains begin to appear, and soon become so distinct 
that they give the impression of cracks. However, by rotating the 
illumination of the microscope the apparent ‘‘cracks” are seen to be 
due to unevenness of surface at grain boundaries. In the meanwhile 
the microtome scratch lines are seen to change their direction slightly 
in certain grains indicating slight rotation of grain. Actual cracks 
appear only when necking down of the specimen begins and final ten- 
sile fracture is approaching. These cracks are intercrystalline, as are 
cracks in lead alloys produced by repeated stress. 

A few tests have been made on single crystals of lead but so far 
the rate of creep seems to be affected by the orientation of the possible 
slip planes with reference to the axis of pull. 


1 Professor of Engineering Materials, University of Illinois, Urbana, Ill. 
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Mr. McVetty spoke of the embrittlement as shown after a long 
period under steady load; the same embrittlement has been noticed 
in certain lead alloys under a long, steady load, where, for a time, the 
elongation increased with the amount of time required to fracture, then 
reached a maximum and decreased. The fracture looked quite differ- 
ent from a short-time fracture, and there was much less reduction of 
area. 

Most of all I should like to commend Mr. McVetty’s contribution 
to the philosophy of interpretation of creep test results. I am espe- 
cially struck by his beautiful phrase to the effect that extrapolation is 
a necessary evil and it may be useful if it is on the safe side. I think 
that is excellent engineering philosophy, though not so good as scientific 
philosophy. I wish also to emphasize Mr. McVetty’s suggestion that 
while we have done a good deal of cooperative work in making tests we 
may well now turn to cooperative work in the interpretation of tests. 

Mr. T. McL. Jasper! (by letter) .—I have to admire the ingenuity 
Mr. McVetty has used to bring some semblance of logical reasoning 
into the question of creep testing. The results shown by the method 
of creep testing in the past have been very unsatisfactory to the 
engineer and the user of metals. This, I believe, has been largely due 
to the fact that the results obtained by several investigators using creep 
methods have varied for similar steels over a wide range of values. No 
doubt this is due largely to the fact that the precision of measurements 
and control of temperature necessary to produce consistent results is 
of an order which may not be applied with ordinary laboratory equip- 
ment or with the methods of temperature control usually available. 
It would accordingly seem to the writer that the creep method of 
testing for values at elevated temperatures is not the best. 

By creep testing is meant in this discussion the obtaining of values 
defined as 1 per cent creep in 10,000 hr. or 1 per cent creep in 100,000 
hr. as a certain criterion of strength. These values have been given 
the term “‘creep rate.” 

There are two very difficult influences to overcome in creep testing 
which are, first, the effect of initial stresses in the steel being tested, 
and second, the effect of reducing the cross-sectional area of the test 
sample by oxidation or corrosion during testing. Both of the above 
influences would be of minor importance if it were not for the fact that 
the instruments necessary to use in measuring the stretch of the metal 
need to be of a sensitivity of the order of 0.000001 in. and if the number 
of hours indicated by the rates did not represent such long periods of . 
time. 


1 Director of Research, A. O. Smith Corp., Milwaukee, Wis. 
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With reference to the first influence, reference is made to some very bi a 
careful creep testing work done by Kanter and Spring and presented © 
before this Society in 1928.1 Figure 15 of that paper shows the tests 
on a Single steel. These tests are on an 0.35 per cent carbon steelin =—s—> 
the annealed, normalized and quenched condition and are made at agi 
425 C. (800 F.), and the stresses imposed on the test samples are 
identical. Above about 500 hr. the slope of each curve is practically 
identical. The initial slopes of the various curves differ, due probably 
to differences in initial stress conditions. It is not desired to go into © 


the details of such effects as are caused by initial stresses but the — ay aM 


mechanics of this was discussed by the writer in the Transactions of _ 
the Institute of Engineers and Shipbuilders in Scotland, Vol. LXXI, 
Part VI, page 592 (1928). 

Referring to time-strain creep curves, these are so complex for — 
various steels that it is doubtful in the writer’s mind whether at high 
temperatures, say 480 to 540 C. (900 to 1000 F.) the values obtained 
by creep methods of testing are not affected for a considerably longer 
time than is intimated above. To bear this out reference is made to — ial 
Fig. 16 of the paper by Kanter and Spring referred to above which 
shows some of the stronger steels with lower values of “creep strength yO ate. 
than the weaker steels. a 

The second point is the small depth of oxidation or corrosion _ ie" 
necessary to reduce the area of the test sample a few per cent during © 
the test and since the rate deals with a very small per cent in a long 
time the rate of reduction of cross-sectional area bears in an important 
manner on the slope of the curve which results from the time strain _ 
rate. If, for instance, in 11 years or 100,000 hr. this reduction of cross- 
sections due to oxidation is, say 4 per cent, then the effect on the curve 
can be nearly the whole of the slope plotted as 1 per cent. This, of 
course, is more effective on carbon steels because oxidation or corrosion 
rates for such steels are relatively high. It also depends on the actual 
strain imposed on the test sample. In this connection it is appropriate 
to point out that the modulus of elasticity for steel at high tempera- 
tures is very much reduced over that which is effective at ordinary 
temperatures. 

To present an idea as to how much depth of oxidation would be 
necessary to reduce the area of a }-in. test specimen 4 per cent, the 
value is 0.005 in. This seems a small amount to occur in 11 years or 
even one tenth of this time at high temperature provided oxidation or 
corrosion is available. It must be obvious that as the cross-sectional 


1J. J. Kanter and L. W. Spring, “ ‘Long-time’ or ‘Flow’ Tests of Carbon Steels at Various Tem- 
peratures with Particular Reference to Stresses Below the Proportional Limit,” Proceedings, Am. 


Soc. Testing Mats., Vol. 28, Part II, p. 80 (1928). 


a 
4 


DISCUSSION ON INTERPRETATION OF CREEP TESTS 110 me he 
ng | 
ed 
he 
en. 
er- 
of 
ion 
pe- 
1 is 
ink 
ific 
hat | 
we 
sts. 
lity 
Ling 
hod 
the 
due 
reep 
No 
ents | 
ts is i 
juip- | 
able. | 
d of 
alues i 
),000 | 
riven 
sting | 
sted, 
> test | 
\bove 
- that 
metal 
mber | 
i 
| 


120 DISCUSSION ON INTERPRETATION OF CREEP TESTS 7) 


area decreases the specimen lengthens elastically when the load is kept 
constant. 

The writer’s lack of enthusiasm for the creep method of testing is 
undoubtedly engendered by the belief that a very much less tedious 
method of obtaining reliable results on the strength of metals at ele- 
vated temperatures is available. Methods which have been used for 


Stress, Ib. per sq. in. 


35 000 


Specimen 
Did Not Fai 


400 600 
Time, hr. 


;. 1.—Typical Stress-Time Relation for 0.20 to 0.30 per cent Carbon Steel when 
Tested at 480 C. (900 F.) alia 
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I 

Fic. 2.—Various Values of the Extended-Time Elastic Limit, at 480 C. (900 F.), of 

the Ordinary A. O. Smith Still Stock (Steel No. 7) as Obtained from Tests with 
Various Time Intervals for Applying the Incremental Load. 


a considerable period by the writer are offered as a substitute for the 
creep method of testing metals at elevated temperatures. They are 
described in the April, 1933, issue of the Refiner. 

The method used in obtaining the long-time ultimate strength of 
steel at high temperatures was adopted first by H. J. French when he 
was associated with the National Bureau of Standards. It is indi- 
cated by the accompanying Fig. 1 which i is self- cxplanehery and can 
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be applied with the generally accepted creep-testing equipment. It 
consists of running an endurance test with the steel tested at various 
stresses until a stress sufficiently low is obtained at which failure does 
not occur for a very long period of time. 

The method of obtaining the long-time elastic strength of steel at 
high temperatures is indicated in Fig. 2. Each stress-strain diagram 
represents a different rate of loading the test specimen. The value of 
the elastic strength for each rate of loading is plotted along the time 
axis and represents the time which each increment of load was allowed 
to exert itself before another increment of load was added. The 
elastic strength values so obtained are represented along one ordinate 
and the time for each increment of loading along the other ordinate. 
By joining the elastic strengths so plotted a curve resembling an en- 
durance curve is obtained which approaches a constant value. This 
method of obtaining elastic strengths at elevated temperatures, used 
since 1928, has proved to be reproducible without instruments of great 
sensitivity or precision and with the ordinary degree of care used in 
laboratory work. 

The question of temperature control and of sensitivity of measur- 
ing equipment need not be of the same degree of precision as the creep 
method of testing requires to produce values within a very small range 
when different operators use the methods outlined above. The 
writer uses protection against excessive oxidation and temperature 
control equipment which is easily obtainable. 

Mr. P. G. McVetty! (author's closure by letter)—We are in- 
debted to Mr. Moore for his contribution to our knowledge of flow 
phenomena as revealed by creep tests of lead and lead alloys at normal 
temperature. While a quantitative comparison may not be allow- 
able, these tests give valuable indications of the probable action of 
other crystalline materials, such as heat-resisting metals and alloys 
at high temperatures. The analogy may be carried further by the 
use of “‘homologous temperatures’’ as suggested by Ludwik.? It is 
particularly significant that no stress has been found low enough to 
prevent creep of lead. This is in agreement with the assumption 
that the high-temperature creep rate cannot be zero for a finite value 
of stress. 

The rotation of grains observed under the microscope indicates 
an adjustment in crystals unfavorably situated with respect to the 
direction of the applied stress. These adjustments may account for 
the change of deformation rate in the early stage of a creep test. 
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1 Mechanical Engineer, Research Laboratories, Westinghouse Electric and Manufacturing Co., 
East Pittsburgh, Pa. 
2A. Nadai, “ Plasticity,” p. 275, McGraw-Hill Book Co., Inc. (1931). : ; oh 
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Tests of single crystals to determine the effect of orientation 
upon creep rate may indicate a method of improving creep properties. 
This possibility leads us to hope that Mr. Moore will soon publish 
the results of this very interesting research. 

Mr. Jasper’s substitute for the creep method of testing has many 
points in its favor for a large number of high-temperature applica- 
tions. It is seldom desirable to use creep tests unless the allowable 
deformation is closely limited. In many applications, however, the 
limiting deformation is fixed by the clearance between moving and 
stationary parts. The stress must be chosen to give a satisfactory 
service life without exceeding the prescribed deformation limit. In 
such cases it is doubtful if the designer would accept the proposed 
method of determining the elastic limit unless creep tests confirmed 
the assumption of zero creep at stresses below this limit. A com- 
parative test of this kind would allow a better evaluation of the pro- 
posed method. 

In reference to the effects of oxidation or corrosion, Mr. Jasper 
mentions an important point which must always be considered. 
Allowance for loss of cross-section in service may be made by com- 
puting stress on the basis of estimated final area. The elastic deforma- 
tion which accompanies the gradual stress increase due to loss of 
cross-section during a constant load test is frequently neglected. A 
reasonably accurate estimate of its value is easily made and applied 
as a correction to the observed creep readings. For this purpose it is 
necessary to determine the modulus of elasticity at the temperature 
of the test. 

Considerable attention has been directed toward the standardiza- 
tion of the details of creep testing so as to make the results comparable. 
The analysis and correlation of creep data and their presentation in 
convenient form for design use represent another problem of great 
practical importance. When this has been accomplished, we may 
expect a better evaluation of the various accelerated tests which have 
been 
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OBSERVATIONS ON EFFECT OF SURFACE FINISH ON THE we SP. 
om INITIAL CORROSION OF STEEL UNDER WATER! ie 
Ca- 
able ; By L. J. WALDRON? AND E. C. GROESBECKY 
and 
In 
osed film which is oftentimes invisible if it is closely adherent to the metal. This 
d coating may exert a protective effect on the underlying metal in a corrosion 
— test so long as it remains intact, or it may cause irregularities in the results, 
com- especially if there are discontinuities present in the oxide film due to expansion, 
pro- contraction, bending, scratching, etc. 
This investigation was undertaken to ascertain what effect, if any, different a 
sper surface finishes may have on the results obtained in the initial stages of any — 
d corrosion test. An apparatus of the gravity flow type was used for the tests _ 
—_— with the water (Washington city) circulated by a pump. The water flowed _ 
com- vertically down past the specimens at various velocities ranging from 5 to 225 — 
rma- ft. per min. 
ss of The points studied were: (a) The effect of variations in the surface finish 
. A on the loss in weight of specimens with and without an oxide film at low and 
lied high velocities of flow; (b) the time of exposure to the air during which an 
oxide film forms on coarsely ground specimens prior to test; and (c) the relation 
it is between duration of immersion (up to 28 days) at various velocities of flow = 
ature and the loss in weight of specimens with or without an oxide film. 9 
The experimental data are presented in three diagrams and one photo- 
rdiza- graph. In general, the type of finish is not an important consideration at low _ 
bl velocities of flow, but is at high velocities. The character of the atmosphere 
rans and the length of time the specimens are exposed prior to test may have ant 
lon in effect on the test results. Oe ae 


The existence of air-formed oxide films on the sili of metals, 
such as iron, steel, copper, zinc and aluminum, has been established 
by various investigators. Coatings of this kind usually are invisible __ 
if they are thin and closely adherent to the underlying metal. They 


1 Publication approved by the Director of the National Bureau of Standards of the U.S. Depart- , 
ment of Commerce. bi 

? Assistant Metallurgist, and Metallurgist, respectively, Division of Metallurgy, National Bureau 
of Standards, Washington, D. C. 

*See the various references given in Chapter III of E. S. Hedges’ book, “Protective Films on j 
Metals” (published in 1932 by D. Van Nostrand Co., New York City, and also by Chapman and .- x 
Hall Ltd., London, England), and also the several references in the paper by S. C. Britton and — ~«|~ 
U. R. Evans, “The Distribution of Corrosion,” ‘Transactions, Am. Electrochemical Soc., Vol.LXI, | 
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may protect the metal from further oxidation by ae the inward 
diffusion of more oxygen. On the other hand, they may cause irregu- 
larities in the results of corrosion tests, especially if there are discon- 
tinuities in the oxide film. Such defects may be: (a) breaks, caused 
by expansion and contraction of the metal or by its being bent, 
scratched, etc; (b) “‘weak spots” which may conceivably be produced 
by inclusions in the metal at the surface; or (c) a break-down of the 
oxide film in certain solutions. 

The present contribution is offered for the purpose of calling 
attention to the importance of giving proper consideration to the 
surface finish of specimens used in short-time ‘‘ under water” corrosion 
tests. 


Fic. 1.—Diagram Showing the Principal Features of the Apparatus. 

During the tests, water was circulated by a rotary pump fr m 
one tank to another at a higher level and from this vertically down 
through a series of testing units. All parts in contact with the water 
were of glass or rubber. The apparatus was so designed that the 
number of units could be varied, the maximum capacity of the system 
being six units for the velocities used. 

The general details of one of these units are shown (in solid lines) 
in Fig. 1. A glass siphon extended from near the bottom of the upper 
tank to a glass header. The upturned outer end of the siphon was 
approximately level with the outlet which maintained a constant 
level in the header. This arrangement facilitated the separation of 
air bubbles from the water. The overflow returned down to the 
lower tank. A glass tube, about 36 in. (90 cm.) long and about 1 in. 
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.5 cni.) in diameter, attached to the lower end of the header by a 
rubber connection, served as the flow tube through which the rate of 
flow was controlled by an orifice at the bottom. The water passed 
through the flow tube directly into the lower tank, which was provided 
with an outlet to permit any excess water to flow into the drain. The 
specimens were suspended within the flow tube by cotton thread 
through a hole in the specimen and attached to a glass rod placed ~ 
across the top of the header. Each specimen, with a hole 0.03 in. ts 
(0.08 mm.) in diameter at each end, was tapered so as to reduce as i? 
much as possible any turbulent effects set up in the water stream = a 


TEesTING METHOD PDT 

Six units, having flow rates from 5 to 225 ft. per min. were used. i : 
For the higher velocities it was necessary to replace the 1-in. tubes 
with others of smaller diameters. 

Washington city water,’ having a pH value of 7.6 to 7.8 and a 
dissolved oxygen content of approximately 5 cu. cm. per liter, was 
used as the corroding medium. The water was kept saturated with 
air during the test and its temperature was automatically maintained 4 
at 30 + 0.5 C. Fresh water was added to the system at the rate of _ 
about 10 to 15 gal. per hr., the capacity of system being about 45 gal. 

The material used for this study was No. 22 gage open-hearth 
steel of the following composition: carbon, 0.02 per cent; manganese, 
0.38 per cent; silicon, 0.006 per cent; sulfur, 0.023 per cent; phos- 
phorus, 0.006 per cent; copper, 0.044 per cent. Rectangular speci- 
mens about 2 in. long and 0.75 in. wide (5 by 1.9 cm.), were used. 

All specimens were given a preliminary treatment on a belt 
grinder to remove scale and other surface defects. They were then 
ground by hand on No. 1 G emery paper in the same direction as on = 
the belt grinder; this finish is designated as “coarse.” Whether the 


were cleaned with alcohol, benzol and ether, measured and weighed. 
Those specimens which were to be pickled were treated for a few 
minutes in a 10 per cent hydrochloric acid solution containing an 
inhibitor, thoroughly washed in water and immediately put into th 
test. The specimens with the oxide film left on were allowed to 
stand in a desiccator for definite periods of time, prior to testing, to 
permit further development of the oxide film. Other specimens to be 
given a high polish (designated as “fine’’) were ground on several 


1 The composition of the water was quite similar to that reported in Table IV.—Analysis of Filtered 
Washington City Water, Report of Subcommittee V of Committee A-5 on Corrosion of Iron an 
teel, see Proceedings, Am. Soc. Testing Mats., Vol. 28, Part I, p. 161 (1928). 
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abrasive papers, following the No. 1 G emery paper, and finished 
on 0000 emery paper. In each operation the specimen was so held 
that the scratches produced were at right angles to those formed by 
the previous abrasive. The specimens were then cleaned, measured 
and weighed as above. Any variations from this general procedure 
of preparation are dealt with in the next two sections. 

Previous to reweighing after test, all specimens were freed from 
any adhering rust by a momentary pickling in the 10 per cent a 


chloric acid solution containing an inhibitor. 


RESULTS OF TESTS 
Neither the kind of wash water (tap or distilled), the temperature, 
the dissolved oxygen content of the water nor the method employed 


TABLE I.—EFFECT OF SURFACE FINISH ON THE LOSS IN WEIGHT OF SPECIMENS 
witH No OxIpE Frum. 


Velocity of Flow, 
ft. per min. 


1 
1 


© This finish was obtained by a short repickling ) of coarse-finish specimens which had been tested previousl) 
and were mors or lew ctoded when Pu into test again. 


No. 1G paper in a direction at right angles to that used on the belt grinder 


for washing the specimens after the pickling prior to testing exerted 
any appreciable influence upon the weight losses obtained, provided 
the specimens were not allowed to dry. 


Preliminary Tests on the Effect of Surface Finish on Loss in Weight of 

Specimens Having No Oxide Film: 

Table I shows that variations in surface finish had no appreciabie 
effect on the loss in weight of those specimens that had the oxide film 
removed by pickling, during a 48-hr. test, provided that the velocity 
of flow was maintained constant. However, a distinct increase in 
the corrosion rate was produced when the velocity of flow was raised. 


Effect of Surface Finish on Corrosion of Specimens Having an Oxide 
Film: 
The effect of variations in the surface finish (produced by different 
abrasives) on the loss in weight of unpickled specimens is shown in 
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ied Fig. 2. The specimens were kept in a desiccator for 30 to 40 min. “ cm 
eld before being tested for 48 hr. in water flowing at rates of 11 and 225 ft. os 
by per min., respectively. The appearance of fine-finished specimens =. 
red 600 grains per inch) after exposure at the low and high velocities, = 
ure is shown in Fig. 3, specimens A and B. ; a - 
At low velocity of flow, changes in the surface finish had practi- _ a ei 
om cally no effect on the corrosion losses, until very fine finishes were 
jro- used, when there was a distinct, though not large, lowering in the 
Be corrosion losses. At the high velocity, a marked change in the cor- 
—_ rosion losses was produced by a slight change in the particles size of | 
ure, 
yyed = | 
S03 | 
MENS ft. per min 
— 0.2 
5 225 per min 
7 a. 
: | 
— 100 200 300 400 500 600 "700 ame 
reviously gt 
Particle Size of Abrasive,greins per linear inch 
/ Fic. 2,—Effect of Surface Finish on the Loss in Weight of Unpickled a a os 
The values given for the particle size of abrasive for the various abrasives are only approximate. ie ae 
certed Each point represents at least two specimens. 
vided 
the coarse abrasives, but finishes obtained with abrasives of medium a 
and fine particle size gave low and quite constant losses. viva 
ight of pel 
Effect of Time During Which Unpickled Specimens Are Exposed Prior 
sciabie to Test: 
Je film Specimens with the coarse finish were used for determining what 
elocity § ¢flect, if any, the period of exposure to the air, prior to test, would — 
.ase in | have on the corrosion rate. After grinding, the specimens were | 
ised. exposed to the dry atmosphere in a desiccator at room temperature 
(18 to 22 C.) for various periods up to 24 hr. before being tested 
, Oxide § for 48 hr. in water flowing at 225 ft. per min. In Fig. 4 the points 
at zero time are for pickled coarse-finish specimens. The appearance 
ifferent § of specimens, which had previously been exposed to the dry air for 
own in § ! hr., after test is shown in Fig. 3, specimens C and D. 
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The exposure of coarse-finish specimens to the dry air for about 
an hour or less produced a marked lowering in the corrosion losses. 
Practically no further change in the corrosion losses occurred when 
the specimens were exp sed for longer periods up to 24 hr. The 
corrosion losses were markedly lower for specimens having a slightly 


Fic. 3.—Appearance of Specimens After Test. ier 
Flow rates of 11 and 225 ft. per min. were used for specimens A and B, respectively. Specimens 
A and B had a fine finish. Specimens C to J were corroded at a flow rate of 225 ft. per min.; specimens 
C and D, which had a coarse finish, were exposed to the air in a desiccator for 1 hr. prior to test. 
Specimens E, F and G were corroded for 6 days and specimens H, I and J for 28 days; see Fig. 5 for 
the surface finish of these specimens in the order as indicated. 


smoother finish (curve B), which was obtained by modifying the 
grinding procedure (Table I, footnote 6). 

It was found that at a very low velocity (5 ft. per min.) the 
length of exposure to dry air has no significant effect on the corrosion 
rate, that is, a constant loss in weight was obtained for exposures 
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Results obtained from numerous experiments showed that the ang 


oxide film formed on specimens when exposed to the laboratory air 


exerted much less protective effect than did that formed in a desiccator. — rm ‘ «4 


It appears that the protection given by the oxide film is dependent _ ‘a 

upon its degree of hydration, that is, the humidity under which . + am 

Relation Between Surface Finish and Duration of Corrosion Period: 2 ~ 
Figure 5 shows the relation between the time of immersion (up 

to 28 days) and the corrosion losses obtained for specimens having a 


coarse finish (with or without oxide film), and a fine finish, at low 
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Fic. 4.—Effect of Period of Exposure to the Air Prior to Test on Specimens Having 
a Coarse Finish, Using 225 ft. per min. for the Velocity of Flow. 
Curve A; Ground in same direction as on belt grinder. Curve B; Ground in direction at right 
angles to A. Each point represents at least two specirnens. 


and high velocities of flow. The test periods were 2, 6, and 28 days. — rat 
The appearance of specimens immersed for 6 and 28 days at the high 
velocity is shown in Fig. 3, specimens E to J. 

The corrosion losses obtained at the low velocity with the different 
finishes were substantially the same in 2 days. However, as the 
corrosion period was increased, the loss became the greatest with the 
pickled coarse-finish specimens and the least with the fine-finish 
specimens. The oxide film probably gives some protection during 
the early stages of immersion. But the coat of corrosion products 
which forms and in time spreads over the surface of the specimens 
probably helps to lessen the loss in weight. The results were different 
when a high velocity of flow was employed. The corrosion loss for 
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the pickled coarse-finish specimens was initially greater than that for 
the fine-finish specimens, but it decreased as the time of immersion 
was increased, and after 28 days the losses were less than those for 
the fine-finish specimens. The loss in weight of the unpickled coarse- 
finish specimens increased steadily with time, similarly to that for the 
fine-finish specimens, but with somewhat greater losses. 


Reproducibility of Results: 


An analysis of the test data by the procedure recommended by 
the Society! showed that good control was secured when the flow rate 
was low (5 and 11 ft. per min.). But when the flow became more 
turbulent, as at higher velocities, the control was not so good, especially 
in the case of specimens bearing an oxide film. The following shows 
the variations from the average values that were obtained with the 
pickled specimens: 


Amount of Deviati t 
Velocity of Flow, ft. per min. vant 


Maximum 


The reproducibility of the results for the oxide- film specimens de- 
creased as the velocity of flow was increased. 


DISCUSSION OF DATA 


The foregoing results indicate that the presence of an oxide film 
on the specimens prior to immersion substantially lowers the loss in 
weight. The magnitude of this restraining effect depends upon the 
character of the oxide film, velocity of flow of water, duration of the 
corrosion period, and composition of water. The character of the 
oxide film is dependent upon the surface finish of the metal, the 
atmosphere to which the specimen is subjected prior to immersion 
and duration of exposure to that atmosphere. Passano and Nagley’ 
have expressed the belief that non-uniformity in distribution of cor- 
rosion is associated with air-formed oxide films. 


1 Manual on Presentation of Data, Proceedings, Am. Soc. Testing Mats., Vol. 33, Part I, p. 451 
(1933). See also W. A. Shewhart, “Economic Control of Quality of Manufactured Product,” 
D. Van Nostrand Co., New York City (1931). 

*R. F. Passano and F. R. Nagley, “‘ Consistent Data Showing the Influence of Water Velocity and 
Time on the Corrosion of Iron,”” Proceedings, Am. Soc. Testing Mats., Vol. 33, Part II, p. 396 (1933). 
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Some of the tests reported above were repeated in distilled water _ 
having a pH value of 6.0 to 6.5 instead of tap water. ‘The results ee 
obtained indicated that the oxide films formed in dry air in a desiccator, _ 
previous to immersion in the water, have a far less important cect 
in distilled water than in tap water, even at a high velocity (225 ft. 
per min.). 

The results of an experiment, in which highly polished a iM 
were pickled to remove any oxide film present and were then exposed | 
to the dry air (desiccator) to form the oxide film again, showed that 
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| O=——=—0 Coarse finish, pickled _ 
o— —0 Coarse finish, unpickled 
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Fic. 5.—Relation Between Duration of Corrosion Period and Loss in Weight of 
Selected Finishes. 


Each point represents 2 to 30 specimens tested for 2 days, 4 specimens tested for 6 days and 2 or 
more specimens tested for 28 days. 


substantially no protection against corrosion was given by the renewed 
oxide film. This indicates that a “flowed” metallic surface may have 
an influence on the formation of the oxide film. 

The results of the tests indicate that, in general, the presence of 
an oxide film on the specimens does not have any marked influence on 
the corrosion losses at low velocities of flow, but that it does at rela- 
tively high velocities. : 

These results were secured for relatively short periods of immer- 
sion, and may not have any relation to mil effects obtained during 
longer periods such as in service. ake 


elocity and 
396 (1933). 
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Mr. R. F. Passano.'—The authors used rectangular specimens 
2 in. long and 0.75 in. wide in their experiments, which specimens were 
cut from a No. 22 gage sheet of steel. Counting the four edges, the 
specimens have a surface area of roughly 20 sq. cm. The losses were 
reported in grams per square decimeter, which is equivalent to mul- 
tiplying the loss per specimen by 5. If the loss of weight per 
infinitesimal area is a random function of the total area from which 
specimens of any given area are cut, the standard deviation of the 
losses for a specimen with an area of 100 sq. cm. (1 sq. dm.) will be 
v5 times the corresponding standard deviation for specimens with 
an area of 20 sq. cm. In case the loss of weight from one element of 
area is correlated with that from another, it is necessary to know the 
nature of the correlation before one can determine the relation 


‘between the standard deviations of losses from specimens of different 


areas. It is almost certain that this complication exists in corrosion 
investigations. There is thus good reason to report data on the 
basis of the test specimen without conversion to an arbitrary unit 
until such time as there are adequate data on known sampling 
methods to calculate the relation between the statistics obtained from 
specimens having different areas. 

I have chosen to discuss this matter in terms of the standard 
deviation because the Society’s Committee on Interpretation and 
Presentation of Data recommended last year that the essential 
information in a series of observations was best conveyed in cases of 
this sort by the presentation of the average, the standard deviation, 
and the number of observations. The authors chose to give informa- 
tion on the distribution of their losses in terms of the average deviation 
which is a less efficient measure of dispersion than the standard 
deviation, but there is a similar complication in conversion no matter 
which statistic of dispersion is chosen. 

The authors have advised me that their table showing the amount 
of deviation experienced at velocities between 5 and 225 ft. per min. 
was based on losses from coarse-finished, pickled specimens exposed 
for 2 days at each velocity. I am of opinion that (1) when the con- 
ditions are controlled in a statistical sense, the deviations depend 
principally on the loss of weight and not on the conditions used to 


1 Research Engineer, Research Laboratories, The American Rolling Mill Co., Middletown, Ohio. 
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produce the loss; and (2) when the conditions are not controlled in 
a statistical sense, the observed deviations are a reflection of the 
relative completeness of attack from specimen to specimen. Con- 
sidering the problem from this angle, it would be desirable to have 
available for the data covered by this paper: a 

(a) Evidence of statistical control, o 

(b) Knowledge of the completeness of the attack, and a 


(c) The average loss associated with each of the reported 
deviations. 


I have estimated from Fig. 5 that the loss from the coarse- 
finished, pickled surface at 5 ft. per min. was 275 mg. per sq. dm. 
and from the same kind of surface at 225 ft. per min. was 550 mg. per 
sq. dm. These values are equivalent to losses of approximately 55 
and 110 mg. from specimens with an area of 20 sq. cm. For 11 
specimens at 5 ft. per min. the average deviation is given as 3.3 
per cent (1.65 mg.), and for 26 specimens at 225 ft. per min. the 
average deviation is given as 7.2 per cent (7.92 mg.). Presuming 


that the standard deviation is equivalent to > times the average 


deviation, I have calculated the standard deviation, corrected it for 
sample size and compiled the following table: 


VELocity, NUMBER OF AVERAGE Loss, X, STANDARD DEVIATION, 
‘TIME, DAYS M. PER MIN. BSERVATIONS MG. PER 20 sq. CM. o’, MG. PER 20 sQ. cM. 


2.3 
10.3 
With these data, I should like to compare some that Nagley and 
[ reported last year:! 


VELocity, NUMBER OF AVERAGE Loss, X, STANDARD DEVIATION, 
TIME, DAYS M. PER MIN. OBSERVATIONS MG. PER 20 SQ. CM. o’, MG. PER 20 SQ. CM. 


The values obtained by Waldron and Geodsbiedk represent 
measurements made in a soft water with a pH value of 7.7, and a 
dissolved oxygen content of 7.1 p.p.m. at a temperature of 30 C. 
Those obtained by Nagley and me represent measurements made in 
a hard water with a pH value of 7.5 and a dissolved oxygen content 
of 10.2 p.p.m. at a temperature of 14.9 C. At the lower velocity 
shown in each of these two tables (where the loss was about 55 mg. 


!R. F. Passano and F. R. Nagley, “Consistent Data Showing the Influence of Water Velocity 


and Time on the Corrosion of Iron," Proceedings, Am. Soc. Testing Mats., Vol. 33, Part II, p. 387 (1933). 
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per specimen), the estimated standard deviation of the distribution 
was practically the same. At the higher velocity shown in each of 
the two tables, the loss of weight is approximately the same, but the 
estimated standard deviations ‘are quite different, the one shown by 
Waldron and Groesbeck being larger than that which Nagley and I 
observed. 

In the course of their paper, Waldron and Groesbeck specifi- 
cally say nothing about the completeness with which their specimens 
were attacked unless it be by implication. They investigated the 
effect of abrasive grain size and of oxide films. It was from such 
a study that Nagley and I concluded: “the method of preparing 
the surface for test is unimportant provided the specimen corrodes all 
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Specimens Specimens 


@ Fic. 1.-Graphical Presentation of Data from Two Series of Underwater Experi- 
\s calle the One Involving Specimens that Were Incompletely Attacked and the 
Other Specimens that Were Completely Attacked. 


over.” Specimens prepared by different methods do not corrode all 
over with equal frequency. The average loss and standard deviation 
reported by us were based on specimens which were completely 
attacked over their whole surface from the beginning of the test: 
I presume from what Waldron and Groesbeck say and my knowledge 
of the subject that their losses and deviations are based on specimens 
which were not attacked all over. Thus I am inclined to explain the 
difference between the standard deviation which they found for a 
loss of 110 mg. and that which we found for approximately the same 
weight loss on the presumption that the completeness of their attack 
was variable, whereas ours was constant. I recognize that there is 
extreme difficulty in preparing specimens so they will corrode all over 
at high velocities. When one establishes a policy that the specimens 
must corrode all over if any loss of weight measurement is to be 
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recorded, it is quite disheartening to realize that the method one has if 
been using to prepare the surface is not satisfactory for the bulk of . 
the specimens started at a new, higher velocity,’ and to admit that 

the loss of weight observed depends on the surface finish.” 

In the accompanying Fig. 1 I have shown graphically the result 
of two series of experiments conducted in Central Works tap water 
at a velocity of 1 m. per min. for 3 days. The data on the left were 
obtained on samples of 4 specimens and the data on the right were 
obtained on samples of 5 specimens. The specimens in the 12 samples 
of size 4 shown on the left corroded varying amounts, practically from 
0 to 100 per cent of the area of the specimen, whereas the 10 samples 
of size 5 corroded completely. 

Neglecting the influence of the change in sample size which is 
relatively small in comparison to the effect which is now being dis- 
cussed, it will be noted that the variation among the samples which 
corroded only partially is enormous compared to that observed on 
samples which corroded completely. The variation in the case of the 
incompletely attacked specimens is greater than should be left to 
chance, whereas the data available would indicate that when the 
specimens are completely attacked, the variation is not greater than 
should be left to chance.* I know it to be a fact from observation of 
the various samples of 4 specimens that those showing the highest 
weight loss in the series were nearly completely attacked while those 
showing the lowest weight loss were practically unattacked. I have 
included this figure in this discussion to point out the information 
which is given by a test for statistical control and the effect which 
completeness of attack has on the average loss and on the amount of 
deviation. The average loss from the 48 specimens which were 

le all partially attacked was about 55 mg., whereas the average loss from 
ation the 50 specimens which were attacked completely was about 75 mg. 
etely I am interested in corrosion-time data because I believe they 
test: convey more information than is conveyed by the loss of weight at 
some arbitrary time interval. The corrosion-time relationships which 
Waldron and Groesbeck show in their Fig. 5 are much closer to straight 
lines over the interval investigated than those which Nagley and I 
got in hard water. I think this was to be expected and may be 


1 One might have to start 100 specimens in order to find 10 that corroded all over, a 90 per cent 
rejection. 

2 When a condition is found for which the adopted method of preparing the surface is not suitable, 
one would be required to repeat his whole program up to that point with the specimens prepared by 
the new method. 

2 A question of whether the average loss from the samples lies within the limits established by the 
over-all average plus and minus three times the standard deviation for averages. See W. A. Shewhart, 
‘Economic Control of Quality of Manufactured Product,” D. Van Nostrand Co., New York City (1931). 
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explained partially by the fact that the rust formed in hard water 
contains calcium carbonate. When one undertakes an investigation 
of a corrosion-time relationship under some particular condition, it is 
difficult to know where to stop and how many intervals should be 
investigated between the place at which one begins and the place 
at which one stops. Nagley and I thought we should make loss 
measurements at no less than six time intervals (preferably more, of 
course), that the data representing each time interval should show 
statistical control, and that the curve alleged to represent the rela- 
tionship between loss of weight and time should not miss any point 
by an amount greater than should be left to chance. The number of 
observations which we made at each time interval was between 10 
and 50. We know that even though the values were statistically 
controlled, the error of the “‘””’ observations at each time interval is 
appreciable. If one takes this error into consideration, there is no 
need for the curve alleged to show the relationship between loss of 
weight and time to pass through every point. I believe that some of 
the curves shown by Waldron and Groesbeck could have been 
drawn more nearly as straight lines than they have shown them, 
but this I cannot determine definitely without the basic information 
which I have indicated as being so important. 

Messrs L. J. WALDRON! AND E. C. GroesBeEcK! (authors’ closure 
by letter) —A statistical study of the test data was made although 
it was realized that the limited time available had not produced suf- 
ficient data to be well adapted for such study. A lack of space did 
not permit the incorporation of these results in the paper. However, 
the degree of reproducibility furnished by the authors’ test data is 
indicated in the table given on page 130 of the paper. 

It seems to the authors that there is much room for exercise of 
judgment in attempts to apply statistical analysis in the investigation 
of corrosion phenomena. The authors believe that many valuable 
studies of corrosion would be excluded from consideration if all cor- 
rosion data must fall within arbitrarily selected limits of scatter. 

Borgmann and Evans? have pointed out that it is wrong to avoid 
the study of cases where the scatter is large if the poor reproducibility 
is not due to insufficient control of external conditions. They add 
that “ ‘high-scatter’ phenomena include many subjects of great 
practical importance and others of great unique theoretical interest.” 


! Assistant Metallurgist, and Metallurgist, respectively, Division of Metallurgy, National Bureau 
of Standards, Washington, D. C. 


2 See the section on the cause of poor reproducibility in the paper by C. W. Borgmann and U. R. 
Evans, “The Corrosion of Zinc in Chloride Solutions,"’ Transactions, Am. Electrochemical Soc., Vol. 
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It has been said that no matter how good an analytical method 
may be, one must have at least a fair sample in order to reach a 
correct result. The preparation of such samples, whereby irregu- 
larities in test results could be minimized, was the object the authors 
endeavored to attain. 

Attention may be called to the fact that there is an appreciable 
difference in the velocity of flow data cited in Passano’s discussion 
(67.5 m. (225 ft.) per min. against 5 m. (16.5 ft.) per min.). The 
authors have found in their studies on velocity of flow and certain 
other factors, the results of which have not yet been published, that 
the mechanism of the corrosion process differs markedly at these two 
velocities. At the lower velocity (5 ft. per min.) the corroding medium 
(water) assumes a straight-line flow, while at the higher velocity (225 
ft. per min.) the conditions of flow are more turbulent. Thus, the 
liquid film surrounding the specimens should be affected to a greater 
extent at the higher rates of flow, and therefore the specimens should 
be more susceptible to conditions existing in the surrounding body 
of flowing water. The authors are of the opinion that information 
gained on the mechanism of corrosion at various velocities of flow 
would be of value regardless of whether the data lie within or slightly 
outside of the limits of error as determined by statistical analysis. 
Nevertheless, there appears to be substantial agreement in the re- 
sults obtained at relatively low velocities of flow, up to 5 m. (16.5 ft.) 
per min. 

The authors are in agreement with Passano’s observations that 
a complete corroding of the surface is essential when one desires to 
get a measure of the maximum corrosion of which a specimen of any 
given material is capable. They realize, however, that difficulty 
would be experienced in attaining this ideal with various iron or steel 
objects placed in service in the atmosphere, under water, etc. It 
has been shown that the presence of an oxide film on the surface of 
the specimens has a marked influence on the initial corrosion rate of 
iron at the higher velocities of flow. 
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THE USE OF BUREAU OF STANDARDS SOIL CORRO- 
_ SION DATA IN THE DESIGN AND PROTECTION 
i OF PIPE LINES! 


4 

1922 the National Bureau of Standards undertook to 
serious corrosion could occur underground in the absence of stray electric cur- 
rents. The existence of such corrosion is demonstrated by the data, but the 
solution of the problem of economically reducing the corrosion is incomplete. 
Soils rather than materials control the corrosion of existing pipe lines. The 
Bureau of Standards data on the corrosiveness of soils must be modified by 
coefficients or factors which take account of conditions not represented in the 
Bureau tests. Further work is required to determine the significance of cer- 
tain tendencies shown by the data; notably, the effects of the size and age of 
the specimen on which pit measurements are made, the protective effects of 
corrosion products and the results of departure from homogeneity of the soil 
with respect to its physical characteristics. 

An economic solution of the problem of protecting pipes against corrosion 
cannot be found until numerical values can be assigned for the life of unpro- 
tected pipes and the life extension to be expected as the result of the use of a 
protective coating. Ideas as to the necessary qualities of a satisfactory coating 
have been developed but there are no satisfactory ways of measuring these 
qualities or of determining the amounts of each property which are necessary. 


INTRODUCTION 


: By the direction of Congress, the National Bureau of Standards 
began in 1911 an investigation of stray-current electrolysis and means 
for its mitigation. In the course of the investigation many instances 
were found where the condition of the pipe could not be explained 
by the electrical conditions prevailing at the time. The operators of 
the street railways claimed that the corrosion was the result of soil 
action, while the owners of the pipes believed that the observed 
electrical conditions were not the ones prevailing at the time the 
corrosion occurred. To settle the question as to the relation of soils 
to corrosion, specimens of the commonly used ferrous pipe materials 


1 Publication approved by the Director of the National Bureau of Standards of the U. S. De- 
pattment of Commerce. 
2 Chief, Underground Corrosion Section, National Bureau of Standards, en D. C. 
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— buried, in 1922, in 46 soils, most of which were selected by the % a 
. S. Department of Agriculture as representative of soils containing 
ae pipe networks. In most cases nothing was known as to Zz ek 
the corrosiveness of the soils. 
The pipes from which the specimens were cut were selected from a oe, 
stock by pipe makers as representative materials. The specimens, 6 
in. in length, were filled with earth and buried on end 1 ft. apart at 


TABLE I.—BuREAU OF STANDARDS SPECIMENS BuRIED 1922 TO 1932, INCLUSIVE. 


1n GROUND, 
rae Buriep REMOVED January 1, 1935 

The 

15 390 

s of 

of a TABLE II.—CooPpERATORS IN THE BuREAU OF STANDARDS SolL CORROSION | 
ting INVESTIGATION. 
these Supportinc SupporTinc SupporTinc SupporTING SUPPORTING 
sary 1 Project 2 Projects 3 Projects 4 Projects 5 Projects ‘“r- ia 

Utilities furnishing sites, st 

eans Coatings (bituminous and tow 
f soil d f ° h f d 
cae epths of from 2 to 5 ft. depending on the practice of gas and water — 
ie companies in the region where the test was conducted. Twelve speci- 
‘ ‘ls mens of each material, except cast iron, were buried in each location, = —Ss—> 
tele Two specimens of each material have been removed from 22 of the = 
”~ more corrosive locations at five 2-year intervals and from 24 less corro- _ 

S. De- 


sive soils at four 2-year intervals. From time to time specimens of | 
additional materials were buried i in n the original test locations and ad- 
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ditional test sites have also been established. ‘The work undertaken 
by the Bureau of Standards has been supplemented by associations 
that have stationed research associates at the Bureau to study corro- 
sion problems of special interest to the associations. Table I shows 
the number of specimens which have been buried and the number 
which will still be remaining in the ground on January 1, 1935. 

The total cost of the investigation from 1922 to January 1, 1935, 
will approximate $400,000, which is a small fraction of the annual 
loss caused by underground corrosion. Of the total expended for the 
study, the share of the Bureau of Standards is roughly 40 per cent. 
The remainder of the costs have been borne by nearly 200 public 
utility organizations, pipe and coating manufacturers, and trade 
associations. This large number of business organizations which have 
spent earnings to support the various phases of the investigation is 
probably the best evidence of the need for solutions of underground 
corrosion problems. Table II indicates the distribution of the coopera- 
tion in the investigation. 

Some skeptic may ask what return has been received for this 
large expenditure. A complete answer cannot be given since the 
saving resulting from the information derived from the investigation 
depends not solely on the value of the data but on the use which has 
been made of them. It can be said, however, that the original purpose 
of the investigation has been accomplished. There is now no doubt 
that serious corrosion can occur underground in the absence of stray 
electric currents. This conclusion has done much to modify the 
attitude of owners of gas and water pipes toward street railway organ- 
izations and has undoubtedly led to a saner treatment of underground 
corrosion problems. 

The conclusion that soils may be corrosive immediately raises 
the question how corrosion by soils can be reduced. This has proved 
a more important and more difficult question than the one which the 
Bureau of Standards originally undertook to answer. It is not sur- 
prising that the experiments planned to answer the original question 
should be found inadequate and to some extent unsuitable for solving 
the newer problem. The question before those interested in under- 
ground corrosion is not the adequacy of the form or number of the 
specimens which have been buried but what use can be made of the 
data derivable from the buried specimens. The question is pertinent 
because of the absence of any other large body of data on underground 
corrosion and of any prospect of adequate data being made available 
either through additional tests or the assemblage of the experiences 
of pipe line operators. 
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The Bureau of Standards data are being extensively used in the 
selection of pipe and coating materials. It is the purpose of this 
paper to point out some of the characteristics of the data in order 
that they may be used more effectively. 


SOME CHARACTERISTICS OF THE BUREAU OF STANDARDS SOIL 
CORROSION DATA 


The characteristics of the Bureau of Standards data on soil 
corrosion which will be commented on in this paper have been dis- 
cussed in greater detail in the Bureau’s publications. The summariz- 
ing of the characteristics here is to make more understandable the 
discussion which is to follow. 

Importance of Soil Characteristics—One of the first observations 
which were made when specimens were removed in 1924 was that 
practically all of the specimens from the same soil were corroded 
similarly. This is illustrated by Fig. 1. From this similarity of 
corrosion pattern on specimens of different materials, the conclusion 
has been drawn that the differences in the materials were not sufficient 
to control the corrosion pattern. This is an important conclusion 
from the standpoint of the pipe user who has derived his information 
concerning materials largely from trade literature. 

A closely related observation made at about the same time was 
that in different soils corrosion patterns differed widely. This also is 
shown in Fig. 1. The two observations suggested that the corrosion 
pattern is characteristic of the soil to which the specimens are exposed. 
Additional experiments showed that for the soils investigated, wherever 
a specimen was exposed to a well-defined soil type as identified by 
the Department of Agriculture, similar results were obtained. This 
indicates that corrosion underground is controlled to a large extent 
by soil conditions which are not accidental but are characteristic of 
the soil. The importance of soil characteristics is such that, until 
1932, the attention of those studying underground corrosion at the 
Bureau was directed almost exclusively to studies of these charac- 
teristics, and the reports which have been published by the Bureau 
of Standards deal only with the relation of soils to corrosion. 

Effect of the Area of the Specimen on the Maximum Pit Depth.— 
While it is obvious from the data that soil characteristics control the 
corrosion of the commonly used ferrous materials underground, the 
expression of this fact in terms of rates of corrosion is not entirely 
satisfactory. As reported in 1930,' specimens of the same material but 


1K. H. Logan and V. A. Grodsky, “Soil Corrosion Studies, 1930. Rates of Corrosion and Pitting 
of Bare Ferrous Specimens," National Bureau of Standards Journal of Research, Vol. 7, July, 1931, p. 1. 
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differing in size differ in the depth of the deepest pits, the deeper pits 
appearing on the larger specimens. This is illustrated by the data 
for the 1930 specimens for which the mean of the single deepest pit 
for all of the 1}-in. specimens is 6.6 +0.19 mils, while the correspond- 
ing figure for the 3-in. specimens is 7.67 +0.21 mils. 


Fic. 1.—Panoramic Pictures of 5-in. Lengths of 1}-in. Pipes. 

Note similarity of corrosion patterns. Top row, two specimens of pure open-hearth iron and 
one each of wrought iron and Bessemer steel exposed 10 years to Hempstead silt loam; second row, 
same materials exposed 10 years to Ontario loam; bottom row, same material exposed 8 years to a 
wet silt loam in Salt Lake City. 


Scott! expressed the relation between the maximum pit on speci- 
mens of different sizes exposed to the same conditions as: 


where P; and P, are maximum pit depths on areas A; and Ag respec- 
tively and a is a constant which is a function of the conditions of 


1G. N. Scott, “Report of A. P. I. Research Associate to the Committee on Corrosion of Pipe 
Lines,” Proceedings, Am. Petroleum Inst., Vol. 14, No. IV, November, 1933, p. 204, ‘ep sit 
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exposure. The application of the formula to Bureau of — 
specimens would involve the computation of values of a for each soil — 
for each period of exposure. The formula has been applied to a few | 


pits 
lata 

pit 
ynd- 


oll in reporting the soil corrosion data in the Bureau of Standards 
Journal of Research. 

This latter method consists in using the single deepest pit on 
each of the 1}-in. specimens, the two deepest pits on each of the | 
3-in. specimens, and the four deepest pits on each of the 6-in. speci- __ 
mens. ‘The exposed area of a 1}-in. specimen is roughly 0.23 sq. ft. 
The pitting rates in the reports referred to are based on the average 
maximum pit as defined above on two specimens of each of the rolled 
materials and on one or two specimens for the cast iron. Thus, the 
letermination of the rate of pitting on the Bureau specimens is equiva- 
lent to the measurement of one pit on each 0.1 linear foot of 8-in. pipe 
or the averaging of ten pit depths per foot of pipe. Obviously the 
resulting rate of penetration is less than that to be obtained by taking 
the single deepest pit on, say, a 4-ft. length of pipe exposed for exam- 
ination or on a 20-ft. length of pipe. 

It is interesting to estimate the pit depth to be expected on a 
20-ft. length of 8-in. pipe, the area of which is 45 sq. ft., by applying 
Scott’s formula to Bureau data. Treating the data as if soil charac- 
teristics did not affect the value of a, Scott found the average value 
for a for the five periods for which data are available to be approxi- 
mately 0.16. For seven pipe lines on which he secured pitting data 
his average value for a is 0.26. If the lower value of a is adopted, the 
Bureau data should be multiplied by the factor 2.36 or, if the larger 
value of a is chosen, by 4.0 in order to obtain the average maximum 
pit on a 20-ft. length of 8-in. pipe. The reader is not to understand 
that either of the factors is recommended for applying Bureau data 
to pipe lines. They are based on averages and the assumption that 
all of the soils from which the data were derived are similar, whereas 
it has been shown that the Bureau tests cover a number of soils which 
differ in many of their fundamental characteristics. The values for 
a for the individual soil types have not been determimed, and until a 
this has been done, the Bureau data cannot be reduced to field con- rahe 
ditions by means of Scott’s formula. Moreover, there may be correc- 
tions other than for size of specimens that should be applied to the 
Bureau data. 

It will be noted that the exponent a which Scott found for the 
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Bureau data is much smaller than that for his field data. A possible 
explanation for this is that trench conditions for the Bureau specimens 
were more nearly uniform than usually obtain in the field. More- 
over, pipe lines are affected by additional conditions affecting corro- 
sion, such as those causing long-line currents. Because it is very 
difficult to secure satisfactory field corrosion data, it is very important 
that a coefficient be found which will permit the direct application 
of the Bureau data to pipe-line construction. 

Dispersion of Bureau Data.—An interesting and disconcerting 
fact concerning the Bureau data is that two specimens of the same 


Taste II].—Maximum Pit Deptus oF BUREAU OF STANDARDS SPECIMENS IN 
Two Sols. 


Maximum Pit Depth, Average Deepest Pit, 
mils Difference | Di mils 


Material ne Dent, 


No.1 | No.2 mi in. weighted Weighted 


Specimens 1N Troan Marsa (Sou No. 43) 
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49 
77 
94. 
48 
81 
81 
12 


Specimens Susqvuenanna Cray (Som No. 42) 
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M-M 
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material, buried for the same time in the same trench, may differ 
widely in the depth of the deepest pits. This is illustrated in Table III. 
The dispersion of the data for the specimens in the tidal marsh is 
typical of the less uniform sets of data, and that for Susquehanna 
clay of the more uniform sets. The uniformity of corrosion in some 
soils is illustrated by the specimens in the first two vertical columns 
in Fig. 1. Sometimes there is evidence that one part of the trench 
is more corrosive than another, but often there is no apparent explana- 
tion for the differences in the specimens. 

Two conclusions can safely be drawn from the dispersion of 
the data. Since it has been shown that the various kinds of ferrous 
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materials behave similarly and since the sites for the test were selected 
by soil experts and the trenches filled by men familiar with the laying 
of pipe lines, it is evident that the rate of corrosion is markedly affected 
by differences in trench conditions too small to be noticed by ordinary 
observers. That these accidental trench conditions have more than 
temporary effects is indicated by the lack of uniformity in the 10-year 


Fic. 2.—Wrought Iron, on Left, and Bessemer Steel, on Right, 
Exposed 10 Years in a Tidal Marsh. 


Note difference between two specimens of the same material. 


corrosion data. It follows from the above conclusion that accidental 
conditions so greatly modify rates of underground corrosion that the 
relative merits of materials cannot be determined by data derived 
from a few exposures of different materials to approximately similar 
conditions. This is illustrated in Fig. 2, which shows the conditions 
of the 1}-in. wrought-iron and bessemer steel specimens from the 
tidal marsh for which data are given in Table III. The wrought- 
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iron specimen on one side of the trench was pitted more deeply than 
the bessemer steel specimen on the same side of the trench, while on 
the other side of the trench the reverse is true. The table also indi- 
cates that one specimen of open-hearth iron pitted more deeply than 
any other specimen except one in either of the two soils for which 
data are given, while the other representative of this material in the 
same soil showed the least pit depth. Thus, even when care is taken 
to secure uniform test conditions, accidental conditions may cause 
two specimens of the same material to yield quite different data. 


‘ 


Time Buried, years 


Fic. 3.—Penetration-Time Relations for Bureau of Standards Soil-Corrosion 
Specimens. 


Change in Penetration with Time.—In the 1926 report on the soil 
corrosion investigation! it was stated that the rate of penetration 
decreases with time. The same observation was repeated in the 
later reports and has also been made regarding pipe-line data. The 
character of this penetration-time relation is shown for a few test 
sites in Fig. 3 which is taken from the report on the 10-year-old 
specimens.? Scott expressed the relation between pit depth and time 
by a hyperbolic equation, stating that one of the constants in this 


1K. H. Logan, S. P. Ewing, and C. Yeomans, “Soil Corrosion Studies I,’ National Bureau 
of Standards Technologic Paper No. 368, April, 1928. 
2K. H. Logan and R. H. Taylor, “Soil Corrosion Studies, 1932,” National Bureau of Standards 
Journal of Research, Vol. 12, January, 1934, p. 119. * 
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equation was nearly the same for all soils while the other was a ora 
of the soil. On this basis the ultimate depth of penetration in any 
soil can be computed from a single set of observations of pit depths 
after a single period of exposure; that is, by determining the maximum 
penetration at a representative number of points on a pipe line of a 
known age, the ultimate depth of the corrosion can be estimated. 
Obviously any such estimation 1aust take account of the area of the 
pipe surface as indicated in Eq. 1 and the precision of the measure- 
ments of pit depths as indicated by the standard error of the data. 
Since any mathematical process is but a form of logic, the reliability 
of the results of the process depend on the validity of the assumptions 
upon which the computations are based, as well as on the validity of 
the process itself. The user of the formulas referred to must therefore 
consider not only the standard error of his results but the validity 
of the fundamental assumptions from which the formulas were de- 
rived. Scott’s equation for the penetration-time relation was pre- 
sented as an empirical formula justified by observation of pitting 
data and supported by theoretical considerations. 

It has been shown above that buried iron is very sensitive to 
trench conditions. Everyone experienced in the uncovering of buried 
pipes realizes that trench conditions change radically with time. 
When the trench is newly backfilled, unless it is puddled or carefully 
tamped, the backfill is lumpy and full of voids which allow both air 
and water to reach the pipe readily. The supply of oxygen varies 
greatly from point to point and this has been shown by Aston, Evans 
and others to be favorable to corrosion. As the backfill settles, con- 
ditions become more uniform and therefore less favorable for corro- 
sion; consequently, the curvature of the pitting-time curves may be 
the result of changes in trench conditions rather than the accumula- 
tion of corrosion products. This would not affect the validity of the 
equation for these curves, but it has an important bearing on the 
relation of pipe coatings to corrosion, which will be discussed later. | 


THE APPLICATION OF UNDERGROUND CORROSION DATA TO 
FIELD PROBLEMS 


Fundamental versus Practical Data-—While the data on under- 
ground corrosion may be of interest as a source of information con- 
cerning the fundamental processes which result in the deterioration 
of pipe underground, and while the ideal way to prevent corrosion is 
to base mitigative measures on fundamental principles, the great 
majority of inquiries concerning underground corrosion come from 
manufacturers and consumers who wish specific information by 
means of which they can obtain more economical transportation of 
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their fluids. For these men, statements of fundamental principles, 
average rates of corrosion, and average performance of materials are 
of little interest because the statements cannot be directly and imme- 
diately applied to the construction problems which the inquirers 
have in mind. Many of these men seem to prefer a material which 
will insure satisfactory service to one which can be shown by statistical 
analysis to be, on the average, more economical, just as many have a 
tendency to purchase the higher priced of two similar articles because 
they believe that somehow it must be better, and they desire the 
best. This is not wholly illogical since in any mathematical analysis 
we are forced, for purposes of simplification, to ignore apparently 
unimportant factors which, under some circumstances, may become 
important. Thus, in estimating the most economical pipe line, it is 
usual to ignore the costs which may result from interruption of service 
and the damages caused by leaks and explosions because there is no 
satisfactory way of evaluating these factors in advance. To provide 
against these contingencies, the engineer uses factors of safety based 
on experience and intuition. In the laying of pipe lines such factors 
appear in the form of more expensive materials, thicker pipe walls, 
or protective coatings. 

Determination of the Need for Protection.—At the third Bureau of 
Standards Conference on Underground Corrosion the members of the 
Underground Corrosion Section presented a paper entitled ‘‘A Sug- 
gested Procedure for Determining the Protective Needs of Pipe Lines 
Against Soil Corrosion.’”’ This paper has not been published because 
the authors, while they agreed upon the principles to be followed, 
were unwilling to assign specific values to the constants in their 
formulas and consequently left the formulas in an unusable condition. 
Subsequent to the conference some progress has been made in deter- 
mining the ultimate depth of pits. There remains the assignment of 
values to protective coatings, but pipe line protection has taken on a 
somewhat different aspect. This will be discussed later. 

The Bureau of Standards corrosion data indicate that while a 
small percentage of the soils of the United States are quite corrosive, 
the majority of the soils are only mildly corrosive or non-corrosive. 
Among the first things to be considered in the laying of a pipe line is, 
therefore, the question of whether or not corrosive soil will be en- 
countered, since it would not be economical to protect the entire 
length of a line if only a small part of it is to be exposed to corrosive 
soils. 

The more commonly used ways of determining the corrosiveness 
of soils can be briefly discussed. Measurements of soil resistivity 
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have been satisfactory where alkali soils are responsible for corrosion, 
but no general correlation between soil resistivity and corrosion has 
been found. Shepard! modified and extended the use of soil resistivity 
as an indicator of corrosiveness by pointing out the fact that in the 
south central portion of the country a corrosive soil was one that was 
much lower in resistance than the surrounding soils but was not 
necessarily a low-resistance soil. He did not offer an explanation for 
this correlation although in the light of the theory of differential 
aeration one can be given. The relatively low-resistance soils usually 
contain more moisture, hence less oxygen reaches the pipe in such 
soils. By reason of the exclusion of oxygen the pipes in the more 
moist soils are anodic. 

Denison? correlated the total acidity of soils at the Bureau test 
sites with the depth of pits on the test specimens and indicated a 
correlation between soil acidity and the corrosion of a group of pipe 
lines in a level section of Ohio. He and Grodsky also developed a 
laboratory test using steel disks which was satisfactory for acid soils 
on the basis of the Bureau data. However, when Ewing* attempted 
a correlation between replacements and soil acidity for a group of 
pipe lines extending over several hundred miles, the correlation was 
unsatisfactory. It is possible that the corrosion which can be asso- 
ciated with soil acidity was modified by that associated with the 
potentials set up between soils differing in their permeability to air. 
Ewing observed that each soil type had roughly the same corrosive- 
ness wherever he encountered it. .This was to be expected since all 
soils belonging to the same soil type are similar in their chemical and 
physical characteristics. It follows that if the corrosivity of all soil 
types were known the anticipated corrosion of a pipe line could be 
determined by identifying the soil types traversed by the line. 

When the correlation of the Bureau tests with pipe-line corrosion 
has been completed the corrosivity of about 75 soil types will be 
known. The corrosiveness of other soil types can be obtained by 
determining the types of soils for which the gas and oil pipe line 
operators have corrosion data. Still other correlations can be based 
on the similarity of different soil types. 

The proper method of expressing the corrosiveness of a soil has 
not been generally agreed upon. There is reason to believe that 


1 E. R. Shepard, “‘ Pipe Line Currents and Soil Resistivity as Indicators of Local Corrosion Areas,”’ 
National Bureau of Standards Journal of Research, Vol. 6, April, 1931, p. 683. 

?1T. A. Denison, and R. B. Hobbs, “The Corrosion of Ferrous Metals in Acid Soils,” to appear in 
the National Bureau of Standards Journal of Research, Vol. 12 (1934). 

I. A. Denison, “Correlation of Certain Soil Characteristics with Pipe Line Corrosion,” National 
Bureau of Standards Journal of Research, Vol. 7, October, 1931, p. 631. 

3S. P. Ewing, “Corrosion Surveys for Pipe Lines and Distribution Systems,” to be published 
in the Am. Gas Assn. Monthly. 
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during the first few years of exposure the corrosion is not proportional 
to the period of exposure and must be expressed by an equation such 
as that suggested by Scott. Where soils are not very corrosive or 
where the thickness of the pipe wall insures a long pipe life, the effect 
of the first few years during which corrosion is most rapid may be 
neglected and a straight-line depreciation curve may give as satis- 
factory results as a curve expressed by a more complicated equation, 
since in any event the result can represent only an average value 
having a large standard deviation. 

If rates of penetration of pipe lines were no greater than those of 
Bureau of Standards test specimens, there would be few localities in 
which corrosion would be a problem when any except thin-walled 
pipes are used, and corrosion problems would be confined largely to 
small-diameter pipes, such as house services. Since the cost of the 
pipe in such cases is frequently half or less of the total cost of the 
installation, the problem can be economically solved by the use of a 
thick-walled pipe or one of a non-ferrous metal. It appears, how- 
ever, that the corrosion of pipe lines is a more complicated matter 
than the corrosion of short lengths of pipe, probably because of the 
introduction of differential aeration resulting from the passage of the 
line through soils differing in texture or other property, whereby 
additional galvanic currents are set up. For example, the experience 
of a pipe-line operator who has a line near one of the Bureau test sites 
indicates that his pipe corrodes many times faster than the Bureau 
specimens. An operator in California has had a similar experience. 
On the other hand, there are places where the Bureau data indicate 
more rapid deterioration than pipe line experience shows for the same 
soil. An explanation is that in one case the direction of the galvanic 
currents is such as to accelerate corrosion in the soil in which the 
Bureau specimens were tested, while in the other case they afford 
cathodic protection. However, it is reasonable to expect that the 
direction of the flow of current can be predetermined by a study of 
topography and of soil types and textures. It has already been 
explained that the larger the exposed area the deeper will be the deep- 
est pit. Consequently the Bureau data should be adjusted by a 
factor which depends on the ratio of the area of the Bureau test unit 
to the area of the pipe line under consideration. 

The Prevention of Corrosion.—lIf experience or tests indicate that 
a soil may be corrosive, the first thought of the inexperienced is the 
use of a corrosion-resistant material. The Bureau tests indicate that 
at least for very corrosive soils this would involve non-ferrous materials 
or ferrous alloys at least equally expensive. Perhaps in the future 
plymetal may afford a solution. The other commonly considered 
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onal method for reducing corrosion losses is the use of protective coatings. "7 
such To select proper coatings we must discover the cause of the shape of 
e or the penetration-time curves such as are shown in Fig. 3. If, as has 
ffect been suggested, the decrease in the rate of penetration with time is 
y be largely the result of the protective effects of corrosion products, then 
atis- the life extension of a pipe line resulting from the application of a 
tion, coating is roughly equal only to the life of the coating. If, however, 
ralue the bending in the pitting-time curves is caused largely by the reduc- 
tion of potential differences resulting from more uniform trench 
se of conditions produced by the settling of the backfill of the trench, then 
es in the life extension resulting from a coating is much greater. On the 
alled latter assumption, the coating in protecting the pipe while the trench 
ly to settles, acts as if it transferred the pipe from a corrosive to a non- 
f the corrosive soil. Under one theory the function of a coating is to pre- 
[ the vent corrosive soil solutions from reaching the pipe. Under the 
of a other theory the function of the coating is to reduce the differences 
how- in the concentration of oxygen at the pipe surface until a more uniform 
atter condition is established by the settling of the soil. 
f the One theory calls for an impervious coating, the other for a coating 
f the of uniform texture sufficiently impervious to control the supply of 
reby oxygen. It is obvious that the objective of the A.P.I. coating tests, 
jence stated by Bly' as “‘to inject engineering principles into the design 
sites and selection of protective coatings for underground pipe lines” can- 
ireau not be accomplished until the merits of these two theories have been 
ence. determined. It should be evident also that it is impossible to decide 
licate whether a pipe line should be protected or not without making some 
same explicit or implicit assumption as to the life of an unprotected pipe 
vanic and the life extension resulting from the use of a protective coating. 
h the It is not sufficient to decide whether or not the soil is corrosive or 
ifford that one coating is better than another. It is important, therefore, 
t the that makers and users of pipe fully understand the present status of 
dy of data on pipe-line corrosion and protection, and that they appreciate 
been what remains to be done before the data now available can be used 
deep- intelligently. 
by a The Bureau tests indicate that pipes well coated with lead or 
t unit zinc begin to show rust spots in corrosive soils in from six to eight 
years. As has just been indicated, it is impossible to state at this 
> that time whether this period is the life extension of the pipe resulting 
is the from the use of the coating. 
2 that The dispersion of the data and the limited number of specimens 
erials make it impossible to determine whether one base material is better 


future 1P. Bly, Progress report of the pipe line and production subcommittee of the general committee 
| dered on corrosion, Proceedings, Am. Petroleum Inst., Vol. XI, p. 113 (1929). 
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than another for the production of galvanized pipe. There is some 
indication that a heavy coating of zinc is superior to a light one on a 
metal pipe. While the rate of deterioration of metallic coatings 
seems to differ widely with different soils, it cannot be said that some 
metallic coatings are particularly suitable for certain soil types. 
Thus, galvanized sheet steel resisted corrosion very well when exposed 
to Susquehanna clay—a heavy, acid soil—but showed pitting in 
several less acid soils as well as in the alkali soils after eight years’ 
exposure. These indications are confirmed by the behavior of the 
specimens removed after shorter periods of exposure. 

The most commonly used pipe coatings are bituminous, and it 
is in connection with these coatings that there is the greatest need for 
scientific data. While, as a result of the work of Scott' and Ewing? 
it is now generally recognized that a bituminous coating should resist 
soil stress, should adhere to the pipe, should not shatter under shock, 
and should not flow when warm or crack when cold; there are no 
data which will support the specification of definite numerical values 
for these properties. It is thought that a bituminous coating should 
be moisture-proof; but however low the conductivity is when the 
coating is applied, it almost invariably shows a large increase in 
conductivity after a year’s exposure to moist soil. A coating con- 
ductance of less than 10 micro-mhos per sq. ft. has nearly always in- 
dicated perfect protection.' 

There is a great need for the data which will permit the specifica- 
tion of the limiting values of the necessary qualities or properties of 
bituminous coatings and for recognized methods for testing both 
coating materials and finished coatings. Before this need can be 
met, someone must determine how long a pipe line needs protection. 


CONCLUSION 


The work done on underground corrosion and its mitigation, by 
members of the Bureau of Standards staff and by those cooperating 
with the Bureau has brought to light many new and useful facts con- 
cerning the deterioration of pipe lines. 

At present the data are inadequate for the solution of the corro- 
sion problem but they constitute a basis for,and point the way toward, 
the solution. The greatest immediate needs with respect to under- 
ground corrosion are more general knowledge of the character and 
significance of the data which have been obtained and a clearer 
realization of the data which can and must be secured in order to 
complete the solution of the underground corrosion problem. 


1G. N. Scott, “A.P.I. Pipe Coating Tests,” Proceedings, Am. Petroleum Inst., Vol. 12, No. IV, p. 55 
(1931). 
2S. P. Ewing, “Pipe Coatings and Corrosion.”, Proceedings, Am. Gas Assn. (1933). 
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Mr. F. N. SPELLER! (presented in written form).—I should like to 
point out one or two characteristics of these data and compare them 
with the results of other investigations. 

Looking back over the work of the Society’s Committee A-5 on 
Corrosion of Iron and Steel and the 10-year soil corrosion tests, it now 
seems clear that there is no material difference in corrosion resistance 
between the various types of ferrous metals commonly used, when 
exposed to water or soil. This conclusion was predicted from shorter 
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Fic. 1. —Weighted Average of Maximum Pits for Each Material in 22 Soils. 


tests by the writer and others 20 years ago and has been amply 
verified by long-time tests such as those conducted under Mr. Logan’s 
direction. The accompanying Fig. 1 summarizes the weighted 
average penetration in each of these materials exposed in 22 of the 
more corrosive soils for 10 years. Local electrochemical action is 
much more pronounced in soil corrosion so that naturally more vari- 
ation between individual samples in the same type of soil is found. 
Perhaps the loss due to maintenance and replacement of pipe 
underground has been exaggerated. As a matter of fact, most soils 
offer no problem in corrosion. On the whole, less than 10 per cent of 


1 Director, Department of Metallurgy and Research, National Tube Co., Pittsburgh, Pa. 
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the 400,000 miles of pipe now in use underground requires protection 
within the period of life for which it was designed. A few pits pene- 
trating one-half of the wall thickness do not reduce the strength of 
the pipe. Many lines are laid with little or no protection, as it has 
been found more economical to replace short stretches in “‘hot spots” 
than to put costly coatings on the whole line. Moreover, when leaks 
occur, they can now be readily welded and the pipe placed in as- 
good-as-new condition at a fraction of the cost of new materials. 

Mr. Logan has pointed out the greater need for data which will 
permit specifications for underground pipe coatings and practical 
methods for testing such coatings. Subcommittee XXVI on Under- 
ground Pipe Protection of the Society’s Committee D-1 on Preserva- 
tive Coatings for Structural Materials has taken the first step toward 
this in formulating specifications for bituminous primers and will 
endeavor to develop methods of testing the adhesive properties of 
bituminous coating materials. 

Mr. J. T. MacKenzre.'—Mr. Speller has shown the relative 
penetration rates of the different products in the corrosion tests and 
as these items appear, they are entirely correct. However, we must 
bear in mind that when he came to cast iron, Mr. Logan was put to 
some pains to develop the real depth of pits which were made in the 
pipe on account of the tenacity of the graphite residue. The Cast 
Iron Research Association some six years ago went to the trouble to 
bury specimens consisting of 2-ft. lengths of 6-in. cast-iron pipe to 
which were attached means of applying pressure, and this year the 
pressure was applied to some of these specimens which had been in 
the ground for that length of time. In the soil at Buttonwillow, for 
instance, there was a puncture in one of the Bureau’s cast-iron test 
specimens after two years’ exposure. The Association’s 2-ft. specimen 
of cast iron withstood 450 Ib. internal pressure without any loss of 
pressure during the test. Also, at Niland and at New Orleans, 
probably the three worst soils in the whole test, the bombs were 
tested without failure. The graphitic residue left on cast-iron pipe, 
I think, has probably been underestimated, and is probably an 
explanation of the long life of cast-iron pipe in service. There are a 
great many users of cast-iron pipe who will tell you that they have 
no trouble from corrosion, whereas, as a matter of fact, if you dig up 
the lines and take a hammer you can go through the pipe in many 
places. According to Mr. Logan’s theory, the action of clods is 
probably responsible for this, because we have a rather poor coating 
on the pipe, such as is common with tar coatings usually applied, and 


Chief Chemist, American Cast Iron Pipe Co., Birmingham, Ala. 
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may expect localized pittings instead of general action. Cast iron, as i 


usually supplied, is of much greater thickness than the wrought i 


ine a long time to carry the pressure, whereas a steel pipe would have | 

failed long before. I think we can reconcile most of the facts of 

experience with the facts developed in this corrosion test of the 

Bureau of Standards. 
Mr. K. H. Locan.'—Mr. MacKenzie’s experience is borne out in 

a condition I discovered in a town in New York. There are two | 

lines of pipe of different materials, and it happens that the older and 

thinner walled line has given very much less leakage trouble than S.. 

newer line. The man who has charge of these lines tells me that he is 

afraid to disturb this older line, because he thinks that if he disturbs 

it, it will go to pieces, that he has an incrustation over that line which 

is holding it together. So it may be that corrosion products are of 

value not only in cast iron but in other kinds of iron as well. 
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A HIGH-SPEED FATIGUE TESTING MACHINE AND 
wi SOME TESTS OF SPEED EFFECT ON EN- 
DURANCE LIMIT 


bug 


SYNOPSIS 


The author presents a shorter and less-expensive method of determining 
the endurance limits of materials by the use of a high-speed fatigue testing 
machine driven by an air turbine, operating over a range of speeds from 5000 
to 30,000 r.p.m. Two inexpensive specimens are described with the critical 
section approaching the ideal and worst surface conditions. 

The results of tests on four steels, two cast irons, brass and duralumin, 
covering a wide range of endurance limits and speeds are presented. Check 
tests made on the slower-speed rotating beam machine show that the speed 
effect may be estimated with a fair degree of accuracy and is of small import 
when compared with the effect of surface finish. 


A major difficulty in the general adoption of repeated-stress 
tests of metals is the long time required to determine the endurance 
limits. Using a speed of 1500 r.p.m. it takes about a week to determine 
an endurance limit for a ferrous metal, and much longer for some 
non-ferrous metals. Various accelerated tests have been proposed, 
but none as yet devised have proved thoroughly reliable. Increas- 
ing the speed of cycle applications seems to be a more promising 
method of shortening the time required to determine the endurance 
limit, provided the speed effect may be estimated with a fair degree 
of accuracy. The rotating-cantilever-beam type of fatigue machine 
seems well fitted for high-speed operation and a directly connected 
air turbine a most satisfactory driving motor. 

Figure 1 shows the completed machine which operates under air 
pressures ranging from 10 to 40 lb. per sq. in. This machine has been 
in successful use for over a year in the Materials Testing Laboratory 
of the University of Illinois. 

The specimen, S, is gripped at one end by the driving chuck C, 
tightened through an opening in the machine casing above the chuck 
by means of a pair of end wrenches. The other end of the specimen 
is held in a similar chuck C’, on one end of the loading arm A, the 
other end of which rotates in the loading bearing B. The shot con- 
tainer W, is supported on the bearing B by a slender rod guided 


' Special Research Assistant, Materials Testing Laboratory, University of Illinois, Urbana, III. 
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through holes in the support £. The ball-bearing turbine shaft is 
driven by a disk rotor R, which, in turn, is driven by a high velocity 


D 
i | blast of air impinging on the rotor blades. Air under pressure is fed 


to nozzles through a quarter-turn valve V. When a specimen fails, 

7 the bearing B and the shot container W drop on the cut-off button O, 
B _ causing the spring-actuated air valve V to close, stopping the turbine. 
aim A revolution counter H driven by a 100 to 1 worm gear reduction, 

records the number of cycles of stress. 

nining Continuous, constant-speed operation of the machine, and satis- 
esting factory wear of the bearings depends largely upon proper lubrication 
1 5000 which is provided by a continuous spray of oil. In Fig. 1 the air- 
ritical tight oil tank T is maintained under air-line pressure through tube Q. 
Tube F leads from tube Q to the low-pressure side of the turbine 
where it ends in a small jet J, directed into the ball race near the 


nising Fic. 1.—High-Speed Fatigue Testing Machine. 
irance 
lJegree rotor R. A regulated amount of oil, flowing from the tank T through 
achine the needle valve N into the tube F, is caught in the air stream and 
rected issues from the jet J in the form of a fine spray. Since the differential 
pressure across the needle valve N is due principally to the static 
ler air head of oil above the valve, changes in air-line pressure do not affect 
s been the oil flow. The oil spray, after emerging from the bearing near 
ratory the rotor R, is caught up by the exhaust air and carried along the 
turbine shaft through the ball race and exhaust ports to the atmos- 
ack C, phere. The exhaust air and oil spray are deflected downward by 
chuck the surrounding machine casing and the oil is caught in the bottom 
-cimen of a galvanized iron box, which incloses the entire machine while in 
A, the operation. The ‘collected oil, after filtering through several layers 
it con- of cloth, may be used again. Less than a half gallon of oil has been 
guided used on the machine to date. One tank full of oil, about a third of a 
ay pint, will keep the machine properly lubricated for four days when 
j running at 10,000 r.p.m. and one day when operating at iull speed. - 
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It has been found, as will be shown, that within the speed range 
of this machine, 5000 to 30,000 r.p.m., even a considerable variation 
of speed has little effect upon the test results, hence the machine 
speed may be controlled satisfactorily by means of a gate valve on 
the air supply line. A pressure gage between the gate valve and the 
machine shows the pressure available, 10 lb. per sq. in. being sufficient 
to operate the machine at 10,000 r.p.m. while 40 lb. per sq. in. will 
operate the turbine at 30,000 r.p.m. 

The loading weight on the specimen consists of the combined 
weights of the bearing B, shot container W, lead shot and a propor- 
tionate part of the loading arm A. The lever arm of the loading 
weight is the distance between the axis of the rod supporting the shot 


container and the critical section of the specimen. This distance 
is measured by means of a trammel divider, one leg of the divider 
being placed in the holes of the weight support E and the other leg 
adjusted to reach the critical section of the specimen. The distance 
between the divider points is measured along a scale. The maximum 
stress in the specimen is computed by the ordinary flexure formula. 
The endurance limit of a material, with a surface finish approach- 
ing the ideal condition, is seldom a true measure of the maximum 
' usable stress under actual service conditions. The stress concentra- 
tions due to tool marks, holes and sharp notches are especially pro- 
nounced in some metals and should be considered in the selection of 
a material where repeated stress is the governing factor. With these 
facts in mind, two specimens have been designed to bring out these 
important characteristics ofa material 
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SPECIMENS 


Figure 2 (a) shows the high-speed polished specimen. It is 
shown in Table I that the #-in. radius used on the high-speed specimen 
does not affect the endurance limit of any material when compared 
with the 5-in. radius used in the R. R. Moore and Illinois machines. 
The high-speed specimen is easily given the more desirable axial 
polish by rotating slowly in a lathe and applying a polishing arbor, 
rotating about 1800 r.p.m., with its axis at right angles to the axis 

TABLE I.—ENDURANCE Limits OF SPECIMENS TESTED AT VARIOUS SPEEDS. 


Endurance Limit, lb, per sq. in. 


Endurance {Limit 
Ratios 
High-speed Cantilever Machine 


30,000 10,000 30,000 
r.p.m. r.p.m. r.p.m. 


V-Notch 


1.41 
2.42 2.47 
2.15 2.21 


1.92 1.89 
0.77 0.85 
24 000 1.18 1.20 
13 000 2.00 2.08 
17 000 13 000 1.25 1.31 


polish. It has been found on several occasions that certain materials have their endurance limits 
notched gray cast iron has been carefully rechecked. 
stance 


of the specimen. The diameter D varies between 0.1 and 0.2 in. 
depending upon the strength of the material. 

Figure 2 (0) is the drawing of the V-notch specimen adopted to 
show the susceptibility of the material to a surface finish approaching 
the worst condition, neglecting corrosion and high-temperature 
fatigue. Tests by the author prior to the adoption of this V-notch 
specimen have shown little effect of variation of the ratio of the root 
diameter to the depth of notch on the endurance limit within the 
loading range of the machine. The V-notch used in these tests was 
about 0.01 in. deep with a radius at the bottom of about 0.005 in., 
as determined at a magnification of 150. 
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REPRESENTATIVE TEST DATA AND CONCLUSIONS 


An attempt was made to select materials covering a wide range 
of endurance limits. Table I gives the results of five tests using differ- 
ent speeds and finishes on each of eight materials. 

From the results of these tests it is shown that up to 10,000 
r.p.m. there is no appreciable speed effect when compared with the 
slower-speed rotating-beam tests. At 30,000 r.p.m. there is an in- 
crease in endurance limit varying from 1000 to 6000 lb. per sq. in. 
for the axially polished specimen while the endurance limits for the 
V-notch specimens increased up to 3000 lb. per sq. in. . In each case 
the stress concentration factor for the V-notch in a given material 
remained practically constant. Within practical limits the speed 
effect may be estimated. 

The economy of higher-speed repeated stress testing using the 
less expensive specimens warrants thoughtful consideration. 
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Messrs. O. I. Horcer! and J. L. in 
written form).—The speed effect with polished and notched specimens 
submitted in Table I of the paper is extremely interesting. The 
endurance limit ratios for gray cast iron, while indicated as being 
carefully rechecked by the author, do not seem logical, but no 
explanation is given for the fact that the ratios are less than 1. 

It would appear that the nominal stress at the root of the V-notch 
specimen was used to determine the endurance limit of those specimens. 
In the case of cast iron there are many test data indicating that the 
surface condition of the specimen is of small importance.?’ From these 
particular tests where the notch is only 0.01 in. deep, it seems logical 
then to assume that such a notch has about the same effect as the 
inherent inhomogeneities of the material. 

Otherwise it would seem to indicate, as in Table I, that cast iron 
is strengthened by a circumferential notch. The writers believe that 
V-notch specimens with so small a diameter as the ones used by the 
author are not representative for surface condition study. In the 
case of an 0.2-in. diameter, the groove 0.01 in. ueep reduces the 
section modulus by 27 per cent, which means that not only the surface 
conditions are varied, but that also the nominal stress is varied by a 
very large amount. The question is raised then as to how much 
reduction is due to the change of section modulus and how.much due 
to surface conditions. 

Mr. J. B. Kommers?® (presented in written form).—One of the 
results in Table I of the paper, in which I was particularly interested, 
was that on gray cast iron, which showed a higher endurance limit 
for the notched specimen than for the smooth specimen. A number 
of years ago I made some tests on a low-strength gray cast iron with 
a square notch in which the endurance limit was slightly higher for 
the square-notched specimen than for the smooth specimen. I should 
like to ask Mr. Krouse whether he has formulated any opinion as to 
the cause of the result which he obtained. 


1 Engineering Dept., The Timken Roller Bearing Co., Canton, Ohio. 
2R. E. Peterson, Transactions, Am. Soc. Mechanical Engrs., APM 55-19, Vol. 1, No. 4, p. 157 
(1933). 
A. Thum and W. Buchmann, “ Dauerfestigkeit und Konstruktion,” Vereines deutscher Inge- 
nieure Verlag, Berlin (1932). ae Wels 
* Professor of Mechanics, Engineering College, University of Wisconsin, Madison, Wis. re 7 
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It may be pointed out that of the seven materials reported 
in the paper, brass was the most sensitive to speed effect, giving an 
endurance limit at 30,000 r.p.m. which was 35 per cent higher than 
at 1500 r.p.m. 

Mr. R. R. Moore! (by letter) —By adhering to the fundamental 
type of test, Mr. Krouse has successfully avoided introducing a 
number of unknown factors such as often accompany attempts at 
short-time fatigue tests. Although the conclusions stated at the 
end of this paper imply that the effect of the speed of the test is not 
appreciable, a careful study of Table I indicates otherwise. 

The tests on brass show that the endurance limit has increased 
from 20,000 lb. per sq. in. at 1500 r.p.m. to 24,000 lb. per sq. in. at 
10,000 r.p.m. which amounts to a 20 per cent increase. The same 
material shows that at 30,000 r.p.m. the endurance limit has increased 
35 per cent. These variations are indeed appreciable. Furthermore 
the stainless steel tests show an increase of 15 per cent at 30,000 
r.p.m. These results are evidence that speeds greater than 10,000 
r.p.m. cannot be accepted for endurance tests without further investi- 
gation, if such test results are to be used for comparison with results 
obtained to date. To be specific, it is really important to know 
whether the endurance limit of this stainless steel is nearer to 60,000 
or to 69,000 Ib. per sq. in. 

A most striking result is brought out in the tests on gray cast 
iron, which shows a greater endurance limit for the notched specimen 
than for the polished specimens. In view of the fact that the test 
diameters of these specimens are very small, it would be valuable to 
know the size of the cast bars from which they were taken and the 
location of each type of specimen in the casting. If the casting was 
of any considerable dimension, there may have been sufficient 
difference in properties to account for these unusual results. 

Mr. R. L. TEMPLIN? (presented in written form).—Probably all 
investigators of the fatigue properties of metals are continually 
hoping that sooner or later a testing method will be evolved which 
involves less time and less expense for determining the endurance 
limits of such materials. I wish to compliment the author of this 
paper on the very constructive suggestion he has made in attempting 
to attain this end. 

The data given in Table I, taken as a whole and qualitatively, 
appear to justify the conclusions he has reached. Quantitatively, 
however, and with specific reference to that given for duralumin, 

Consulting Metallurgist, Grantwood, N. J. 
? Chief Engineer of Tests, Aluminum Company of America, New Kensington, Pa. ny 
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certain discrepancies may be noted between the values he has given 
and those obtained in the Aluminum Research Laboratories and 
presented before this Society last year.!_ On the basis of 50,000,000 
cycles at a speed of 3500 r.p.m., we found an endurance limit of about 
19,000 lb. per sq. in. as compared to the 15,000 lb. per sq. in. given by 
the author, for the two speeds of 1500 and 10,000 r.p.m. respectively. 
In our notch tests, on the basis of 50,000,000 cycles, we find an 
endurance limit of 9500 lb. per sq. in. representing a decrease in 
fatigue limit of about 50 per cent, whereas the author found a decrease 
of only 20 per cent. On the basis of 500,000,000 cycles, we find a 
reduction of about 40 per cent. The notch which we use is 0.075 in. 
deep and has a somewhat sharper radius. These facts would appear 
to indicate that the size and radius of notch is perhaps somewhat more 
important than he has indicated. The results we have obtained would 
also put duralumin more nearly in agreement with the other wrought 
metals which were tested by the author with a possible exception of 
the S.A.E. No. 1020 steel. 

Mr. H. F. Moore.*—I should like to call attention to another 
high-speed machine which Mr. Krouse has designed and built, which 
uses an induction motor and a pair of multiplying friction cones to 
get speeds of 12,000 r.p.m. These friction cones run immersed in 
light oil. 

I should like to call attention also to yet another high-speed 
machine which uses a series wound commutator motor as direct drive 
for the specimen. A vacuum cleaner motor has been used in each of 
two machines now running at the University of Illinois Materials 
Testing Laboratory. These two machines are giving good service, 
but the question of how often the brushes will have to be renewed 
and how often the commutator will have to be turned down is not 
yet settled. 

In all these high-speed machines I would call attention to the 
relative inexpensiveness of the specimen used. 

Mr. G. N. Krouse.*—We have taken pains to compute the sec- 
tion modulus on the basis of the diameter at the root of the notch, 
and we have used that technique on all of these tests, and we believe 
that this increased endurance limit for cast iron is a property of the 
material. 

J. B. Kommers has found, for a square notched specimen, that 
the endurance limit was slightly higher. We note this with a good 


1R. L. Templin, ‘‘The Fatigue Properties of Light Metals and Alloys,"’ Proceedings, Am. Soc. 
Testing Mats., Vol. 33, Part II, p. 364 (1933). 

? Professor of Engineering Materials, University of Illinois, Urbana, Ill. 

3 Special Research Assistant, Materials Testing Laboratory, University of Illinois, Urbana, 7” 
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deal of satisfaction. It may be a property of the metal rather than a 
fault of the test. 

Mr. Templin’s statement that the endurance limit of the metal 
as he has determined it at 50,000,000 cycles indicated the endurance 
limit to be 19,000 lb. per sq. in. against the 15,000 lb. per sq. in. 
reported in the paper may be explained as the rate of failure; that is, 
for the small specimen, the rate of failure may be higher. The depth 
of notch which he has used was 0.075 in., and may indicate an increased 
stress concentration factor reducing the endurance limit to 9500 lb. 
per sq. in. We should like to make comparative tests on the same bar 
of material to insure that the material has been aged in the same way. 

(Author’s closure by letter) —The function of this paper is not to 
foster a particular machine or to state specifically the endurance limit 
and other properties of any particular metal, but to show in a general 
way, that the endurance limit of a metal may be determined with less 
expense and time by using higher testing speeds and simpler test 
specimens. The fact that two laboratories, testing under similar 
conditions, do not check within 25 per cent seems to indicate a differ- 
ence in other properties of the metal, which a later investigation by 
the author substantiates. 

The author does not advocate the use of the maximum speed of 
30,000 r.p.m., but does advocate an increase of testing speeds for 
rotating-beam machines to around 10,000 r.p.m. and a simplification 
of the test specimen. The use of the V-notch specimen shows that 
more important practical factors enter into the selection of a design 
stress where repeated stress governs. This particular type of notch 
may not cause the worst stress concentration that could exist in some 
particular structure, but does show that the susceptibility of metals 
to stress concentrations varies over a wide range. 

The economy of higher speed repeated stress testing using simpler 
test specimens warrants thoughtful consideration. 
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NOTE ON FRICTIONAL RESISTANCE OF > ae 
STEEL AND BRASS IN SHRINK FITS'S 


SYNOPSIS 

The making of shrink fits by refrigerating the inner member offers an 
easily accomplished alternative when the converse method of expanding the 
outer member by heat is not practicable or permissible. This paper presents 
data on the resistance to axial slip developed between cylindrical rings 1 in. 
long and 1 in. in internal diameter assembled on pins which at room tempera- 
ture were about 0.0015 in. larger in diameter. Prior to assembly the pins 
were contracted by cooling to —80 C. (—112 F.) in a bath of acetone contain- 
ing dry ice. Three combinations of material were used: namely, a brass ring 
on a brass pin; a steel ring on a brass pin; and a steel ring on a steel pin. The 
resistance to slip was in part dependent upon the amount of “oversize” of the 


pin but was considerably increased when seizing occurred between the con- 
tacting surfaces. : 


INTRODUCTION 


It has ‘ia ae known that considerable holding power is devel- 
oped by a shrink fit in which a collar or ring is expanded by heat 
sufficiently to slip over a shaft or spindle which is from 0.001 to 
0.002 in. per inch of diameter larger than the inside diameter of the 
ring at room temperature. When it is either not practicable or permis- 
sible to heat the ring, satisfactory shrink fits can be made by the 
converse method of cooling the pin or shaft. The use of liquid air as 
the cooling medium, described by Whittemore in 1922,? is limited in 
commercial application by the difficulties in obtaining and handling 
large quantities of liquid air. The use of solid carbon dioxide as a 
conveniently transported refrigerant has become common within 
recent years. By adding ‘“‘dry ice” to a bath of acetone or other 
suitable liquid, temperatures of —70 to —80 C. (—94 to —112 F.) 
can readily be attained. Cooling a shaft of brass from 20 C. (68 F.) 
to this temperature will decrease its diameter approximately 0.0018 in. 
per inch of diameter. This is enough to permit the assembly of a 
cooled shaft into a ring which is sufficiently smaller than the shaft 


1 Publication approved by the Director of the National Bureau of Standards of the U. S. Depart- 
ment of Commerce. 


4 Metallurgist, National Bureau of Standards, Washington, D. C. 


+H. L. Whittemore, “ Experimental Use of Liquid Air and Explosives for Tightening Body-Bound 
Bolts,” American Machinist, Vol. 56, p. 524 (1922). 
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when both are at room temperature so that holding power adequate 
for many purposes is obtained after the shaft has warmed up. 

A material having a much smaller coefficient of expansion than 
brass, steel for example, may not shrink enough in dimensions when 
cooled in a bath of “dry ice” to make a tight fit in this manner. 
The difficulty frequently can be overcome by warming the outer mem- 
ber in hot water before attempting to slip it over the cooled shaft. 

The resistance to slip between a shaft and encircling ring, assem- 
bled by a shrink fit, is dependent only partly upon the amount by 
which the shaft diameter at room temperature exceeds the diameter 
of the hole; it may also be influenced decidedly by the extent to which 
seizing takes place on the two metal surfaces in close contact. Seizing 
is more likely to occur in a shrink fit made by refrigerating the inner 
member than in one made by expanding the outer member by heat, 


TABLE I.—DIMENSIONS* OF PINS AND RINGS AND ForcE NECESSARY TO 
SEPARATE THEM. 


Diameter | Di Diametral | Resista 
ey | at 20 C. . i Clearance 


(68 F.), in. When 

Assembled, . per 
ted,|Calculated,| sq. in. 8q. in. 
in. 
area 


0.00054 1430 
0.00132 2100 
0.00054 6050 


Standardization Section of the Bureau of Standards. The diameters 
of the pins were measured with a Pratt and itney measuring machine, The internal diameters of the rings were 
measured with a John Bath internal micrometer. 
if, in the latter case an oxidized surface tending to inhibit seizing is 
formed on the heated member. It is well known, however, that 
materials differ decidedly in their tendency to seize. This is clearly 
shown by the experiments described below in which the resistance to 
slip under tension was measured on shrink fits between brass on 
brass, brass on steel, and steel on steel. Nadine: 


PREPARATION OF SPECIMENS AND TESTS == 


Cylindrical pins approximately 1 in. in diameter were machined 
from 2-in. bars of yellow brass and machinery steel. The composition 
of the brass was: 61.3 per cent copper, 2.9 per cent lead, less than 
0.1 per cent iron, and, by difference, 35.7 per cent zinc. The brass 
had a Brinell hardness number, 10-mm. ball, 500-kg. load, of 90; 
and a Rockwell hardness number, B scale, ;;-in. ball, 100-kg. load, 
of 54. The brass had a duplex or a-f structure with lead disseminated 
in fine particles throughout (Fig. 6). The steel contained 0.12 per cent 
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| Brass ring on brass pin.| 1.0009 | 0.99964 | 0.00126 | 0.9991 | ....... 
, 2 a Steel ring on brass pin.| 1.00211 | 1.00075 | 0.00136 | 1.00031 | 1.00163 
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carbon and 0.14 per cent sulfur. The steel had a Brinell hardness 
number, 10-mm. ball, 3000-kg. load, of 187; and a Rockwell hardness 
number, B scale, ;'g-in. ball, 100-kg. load, of 90. 

One end of each pin was left at the original diameter of the bar 
so as to form a head. The other end was carefully ground so that it 
was truly cylindrical to within less than 0.0001 in. over a length of 
about 2 in. from the end. Cylindrical rings slightly longer than 1 in. 
were prepared from the same materials with holes approximately 
1 in. in diameter. They were slightly bell mouthed at each end and 
were carefully reamed to be truly cylindrical to within less than 
0.0001 in. over a length of 1 in. The diameter of each pin at room 
temperature was about 0.0015 in. larger than the inside diameter of 


Fic. 1.—Assembled Pin and Ring, Brass. 


the corresponding ring which was to be slipped over the pin. The 
diameters measured at 20 C. (68 F.) with an accuracy of + 0.00003 in. 
for the pins and +0.00005 in. for the holes are given in Table I. 

Each pin was immersed in a bath of acetone containing solid 
carbon dioxide until it attained temperature equilibrium with the 
bath, at —80 C. (—112 F.). The reduction in diameter of the pins 
was calculated for a decrease in temperature of 100 C. (180 F.) on the 
basis of temperature coefficients of expansion of 0.000018 in. per in. 
per deg. Cent. (0.000010 in. per in. per deg. Fahr.) for brass, and 
0.000011 in. per in. per deg. Cent. (0.000006 in. per in. per deg. Fahr.) 
for steel. These are average values at room temperature, considered 
to be sufficiently accurate for the purpose, and the very slight decrease 
for lower temperatures was not taken into account. 

The brass ring was slipped on the cooled brass pin without 
difficulty. A film of acetone probably adhered to the pin and may 
have acted as a lubricant and aided quick assembly. The contraction 
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Fic. 2.—Load-Slip Diagram, Brass Ring Pulled from Brass Pin. 
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Fic. 3.—Load-Slip Diagram, Steel Ring Pulled from Brass Pin. 
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‘Fig. 4.—Load-Slip Diagre g Pulled from Steel Pin. 
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in the steel pin was not sufficient to permit its insertion into the steel 
ring, and the latter was heated in boiling water to obtain sufficient 
clearance for easy assembly. This was also found necessary in order 
to slip a steel ring on the cooled brass pin. An assembled pin and ring 
are shown in Fig. 1. 

After the assembled unit had come to room temperature, the 
ring was pulled from the pin in a hydraulic type of tension testing 
machine. Automatically recorded load-slip diagrams are reproduced 


(a) Brass ring on brass pin. (6) Steel ring on brass pin. (c) Steel ring on steel pin. 
Fic. 5.—Disassembled Pins and Rings. 


in Figs. 2,3, and 4. The appearance of the units after the rings were 
se parated from the pins is shown in Fig. 5. 
Brass Ring on Brass Pin: 

The brass ring on the brass pin supported a load of 2200 Ib. 
(722 lb. per sq. in. of contact area) before initial slip occurred. The 
load necessary to continue slippage then increased rather rapidly with 
slip taking place in small increments until a maximum of 4370 lb. 
was reached (1430 Ib. per sq. in. of contact area). Continued slip 
in small increments then proceeded at decreasing loads until the ring 
cleared the end of the pin. The appearance of the pin after removal 
of the ring (Fig. 5) indicated that no appreciable amount of visible 
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seizing had taken place. Most of the increase in load after initial 
slip was probably absorbed in causing elastic deformation in pin and 
ring as the ring was forced over the protruding end of the pin. No 
relative change in dimensions was found after the two had been 
separated. The loading mechanism of the testing machine was such 
that when a small amount of slip occurred the load immediately 
decreased until slip halted, which was approximately at the load at 
which initial slip took place. This is believed to account for the broad 
band of load fluctuation shown in Fig. 2. 


Fic. 6.—Microstructure of the Brass ( 500). 


F iw Etched with a mixture containing 86 aad cent of strong ammonium hydroxide and 14 per cent 


Steel Ring on Brass Pin: 


The steel ring on the brass pin supported a load of 5400 Ib. (1700 
lb. per sq. in. of contact area) when initial slip took place. The load 
immediately decreased. Slip then continued in increments somewhat 
smaller than in the all-brass assembly and at increasing loads until a 
maximum of 6800 lb. was reached (2100 lb. per sq. in. of contact 
area). The band of load fluctuation on the load-slip diagram, Fig. 3, 
was somewhat similar to that obtained with the all-brass unit. The 
diagrams, as reproduced in Figs. 2 and 3, do not show all of the lines 
drawn by the automatic load recording device but show the maxima 
and minima of the load fluctuations. 

The brass pin was distinctly scored by the steel ring as is shown 
by the photograph, Fig. 5. Evidently seizing had taken place to a 
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greater extent between the steel and brass than between the brass 
ring and pin. This seizing was probably responsible for the greater 
holding power of the steel ring on the brass pin, although the slightly 
larger amount of over-size of the pin with ‘Tespect to the ring may 


The steel ring on the steel pin did not slip initially until a load of 
5725 lb. was applied (1820 lb. per sq.in. of contact area). As in the 
two previous cases, the load immediately decreased but then increased 
rapidly, without any slip by increments and resultant intermediate 
decreases in load, until a maximum of 19,000 lb. was reached (6050 lb. 
per sq. in. of contact area). 

Severe seizing had taken place between the ring and pin as is 
shown in Fig. 5. Portions of metal had been torn bodily from the 
pin where the adhesive force between the contact surfaces of pin and 
ring exceeded the cohesive strength of the steel. The forces necessary 
to rupture the metal were evidently so far in excess of those required 
to cause slip on the contact area where seizing had not occurred, that 
the load-slip diagram obtained, Fig. 4, was essentially similar in 
form to a load-extension diagram obtained normally in rupturing 
a tension test specimen of a ductile metal. 


SUMMARY 


The experiments described indicate that in shrink fits made by 
refrigerating the inner member, seizing does not occur until relative 
motion has taken place between the two contacting surfaces. The 
force necessary to cause initial slip is probably largely dependent upon 
the amount of “‘over-size’’ of the inner member. After seizing has 
occurred, the force necessary to continue the separation of the fitted 

(1700 parts is very much increased. 
e load It is believed that the difference in behavior of the brass and the 
ewhat steel assemblies is characteristic of these two classes of materials in 
intil a general. The failure of the brass to seize is undoubtedly to be asso- 
yntact ciated with the particles of metallic lead disseminated throughout the 
Fig. 3, alloy whereas the presence of the brittle sulfide particles in the steel 
The is responsible, at least in part, for the tendency of the steel to score 
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Mr. F. V. HARTMAN! (presented in written form).—Mr. Swanger’s 
results are very interesting. The method he uses to make shrink fits 
by cooling the inner member to shrink it so that it may then be 
expanded into the outer member has been used successfully in a number 
of instances. Reference is made to the fitting of aluminum parts where 
heating may sometimes be undesirable. 

According to Table I, the brass pin which was slipped into the brass 
ring was 0.00126 in. oversize at 20 C., and the brass pin that was slipped 
into the steel ring was 0.00136 in. oversize. We are wondering 
whether this difference in oversize is sufficient to explain the fact that 
the first brass pin could be slipped into the brass ring satisfactorily, 
whereas the second brass pin could not be contracted sufficiently to 
permit its insertion into the steel ring, necessitating expansion of the 
steel ring by heating it in boiling water. Although the difference is 
small, this may be the explanation, because if the dimensions of the 
two parts in each of these two assemblies were identical there seems no 
reason why the contracted brass ring should not slip into a steel ring 
just as easily as it would into a brass ring, the rings being both held 
at 20 C, 

In fitting aluminum parts together, experience indicates that a 
greater diametral clearance between the parts during assembly is 
desirable, and in fact practically necessary, in order to get the parts 
together satisfactorily. It is also important to make provision for 
slipping the ring over the pin very rapidly. If accurate alignment of 
the two parts is not provided for, and if the parts are not slipped 
together rapidly, sufficient contact between the two parts may be 
made to cause them to “‘freeze’”’ together before the parts are com- 
pletely assembled. This is explained by the high heat conductivity of 
aluminum which causes a rapid heat transfer between the two parts 
when they touch and may cause a sufficient loss of the diametral 
clearance to prevent fitting the ring completely over the pin. 

It seems that Mr. Swanger might have explained some of the 
results more satisfactorily. No doubt, as he has stated, the difference 
in behavior of the brass and steel assemblies is characteristic of these 
two classes of materials. However, in making this statement, it seems 
that more consideration should be given to the probable surface pres- 


1 Research Mechanical Engineer, Research Laboratories, Aluminum Company of America, New 
Kensington, Pa. 
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sures between the pin and the encircling ring. There is no question 
but what seizing is largely a characteristic of the material, but, on 
the other hand, seizing also depends upon the pressure between the 
surfaces that are rubbing together. 

He also states that the force necessary to cause initial slip is 
probably largely dependent upon the amount of ‘‘oversize’”’ of the 
inner member. In connection with this statement, it seems that 
consideration of the probable surface pressures should again be taken 
into aceount. The probable surface pressures between the different 
assemblies tested depend on the moduli of elasticity of the materials 
as well as on the amount of oversize of the inner member. 

Taking 29,000,000 lb. per sq. in. for the modulus of elasticity of 
the steel and 15,000,000 lb. per sq. in. for brass, it follows that the 
pressure between the surfaces will be about twice as much for a steel 
ring on a steel pin as for a brass ring on a brass pin, assuming that the 
oversize is the same in both cases. It also follows that the pressure 
between the surfaces for a steel ring on a brass pin would probably 
be somewhere in the neighborhood of 50 per cent more than for a brass 
ring on a brass pin. From these two statements and in view of the 
amount of oversize of the pin at 20 C., it is quite evident that the 
surface pressure was considerably higher in the case of the steel on steel 
assembly than either of the other two assemblies, while the surface 
pressure of the brass on brass assembly is by far the lowest of the three. 

The removal of the ring from the pin is mostly a coefficient of 
friction problem wherein the initial load required to start movement is 
dependent upon the pressure between the surfaces and the static 
coefficient of friction. This seems to help considerably in the explana- 
tion of the loads required to cause initial slip, since the discussion in the 
above paragraph at least gives an idea of the probable order of surface 
pressure that existed, even though we do not know the static coefficient 
of friction values. After movement once has started, seizing may or 
may not occur, depending upon the characteristics of the materials 
and also upon the surface pressures. 

It is, therefore, possible that seizing would also have occurred in 
the first assembly with the brass ring on the brass pin had the pin 
been sufficiently oversize to cause higher surface pressures. Con- 
versely, seizing might not have occurred on the second and third 
assemblies had the surface pressures in these been as low as in the 
first. It is, therefore, suggested that if the tests were repeated quite 
different results would be observed if the amount of oversize of the 
pin is made such as to give more nearly equal surface pressures. It 
would also seem desirable in repeating this work to test a number of 
bi of each different kind to see how sand check each other. 
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It seems reasonable that the amount of oversize to allow for the 
inner member of shrink fit assemblies should be determined largely 
by the modulus of elasticity of the materials. For instance, if an 
allowance of 0.001 in. per in. of diameter is considered satisfactory 
for a steel pin in a steel ring, the allowance should be about double 
this amount for a brass pin in a brass ring and three times this amount 
for an aluminum pin in an aluminum ring. The results of Mr. Swang- 
er’s tests seem to indicate this and our experiences in fitting aluminum 
parts together also agree with this assumption. 

Messrs. O. J. HorGer! AnD J. L. MAULBETSCH! (presented in 
written form).—Since it is more general to assemble tight-fitted parts 
by the application of heat or use of pressure than through the use of 
coolants, it would appear worth while to have comparative data like 
the author’s Figs. 2, 3, 4 and 5 for the more usual methods of assembly 
mentioned above. This comparison may indicate some advantages 
or otherwise of one method of assembly over another. 

Is the author in a position to state whether, at equal press fit 
pressure, brass will not seize and steel will because of the difference in 
their characteristics as explained in the summary of the author? In 
the three cases studied by the author the dimensions of the press fit 
were approximately the same, but due to the difference in the modulus 
of elasticity for steel and brass, the press fit pressure in the first test will 
be much less than the pressure in the third test, the second will be 
intermediate. The writers would like to know what effect the abso- 
lute value of the press fit pressure would have on the seizing effect. 

Furthermore, with the conditions of assembly outlined, the shrink 
fit pressure at the end of the sleeve is considerably higher than between 
the ends. This “end effect’? may account to some extent for the 
seizing observed. A relieved end construction on the sleeve may reduce 
this seizing and we should like to ask if the author has given any 
consideration to this aspect. 

Mr. W. H. SwANGER? (author’s closure)—Mr. Hartman postu- 
ates that if the oversize of the brass pin assembled into the steel ring 
had been the same as in the brass pin—brass ring assembly, it would 
have been possible to insert the cooled brass pin into the steel ring 
when the latter was at room temperature. I am certain this would 
have been the case. However, after one failure to make the assembly 
with the slightly smaller clearance under these conditions, possibly 
because of “‘fumbling” the operation, the steel ring was warmed as 
stated, so that the assembly was easier to make. The conditions 
after assembly would have been the same in either case. I also 


1 Engineering Dept., The Timken Roller Bearing Co., Canton, Ohio. ; ‘ 
2 Metallurgist, National Bureau of Standards, Washington, D. C. ar) lo iH 
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r the agree with Mr. Hartman that the tendency for one metal to seize 
rgely upon another is largely an inherent characteristic of the metals con- 
if an cerned, and that the occurrence of seizing depends upon the pressure 
story at the contacting surfaces. For a given oversize of pin, with respect 
nuble to the inner diameter of an encircling cylinder, the pressure at the 
jount contacting surfaces is dependent upon Young’s modulus of elasticity 
vang- of the material, as was stated by Mr. Hartman, but, further, is also 
inum influenced by (a) the cubical modulus of compressibility in which 
Poisson’s ratio is a factor, (b) the ratio of length to diameter in the 
ed in contacting parts, and (c) the strength of the material. This last 
parts factor means that pressure at the contacting surfaces increases with 
ise of increase in oversize or increase in Young’s modulus only within the 
a like range where negligible permanent set is produced. The “‘end effect”’ 
mbly mentioned by Messrs. Horger and Maulbetsch is involved in factor (6) 
tages just mentioned. 
An analysis of each of these factors and experimental data to 
SS fit illustrate them are beyond the scope of this paper which was pre- 
ace in sented to show that a practical application can be made of “dry ice”’ 
? In refrigerant to assemble parts by shrink fits. 
ess fit It is regretted that there was no opportunity to make compari- 
dulus sons between shrink fits produced as described in the paper and press 
st will fits or shrink fits produced by expanding the outer member by heating 
“ill be it. An excellent discussion on this subject is given in a very recent 
abso- paper entitled ‘‘Factors Affecting the Grip in Force, Shrink, and 
ct. Expansion Fits” by Robert Russell.' 


shrink Proceedings, Inst. Mechanical Engrs., Vol 125, p. 493 (1934). 
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THE IMPACT STRENGTH OF COMMERCIAL ZINC ALLOY 

DIE CASTINGS 
A. ANDERson' AND G. L. WERLEYY 

SYNOPSIS 

Charpy impact test specimens, 525 in number, were cut from 77 commercial 
zinc-alloy die castings and subjected to impact tests in comparison with test 
bars die cast to the same size. All of the test specimens were so cut as to leave 
one unmachined die-cast face. In conducting the Charpy impact test, the 
specimens were placed in the machine in such a manner as to place this die- 
cast face under tension. The results obtained indicate a close agreement 
between the impact strength of the machined specimens and of specimens die 
cast to size. The authors draw no conclusion relating to the correlation of 


these values to the over-all strength of the original die casting. pe here -- 


 * =i Society’s Tentative Specifications for Zinc-Base Alloy Die 
.~ astings (B 86 — 33 T)? describe the physical properties to be expected 
of zinc-alloy die castings of two specific compositions on the basis of 
tests on specimens cast to size. The question has been raised on 
many occasions as to whether the properties of commercial die cast- 
_ ings approximate at all closely those of test specimens cast to size. 
The authors felt that a study of this point was highly desirable. 
Charpy impact tests were carried out on some 520 test specimens 
"machined from 77 commercial die castings. Since most of the cast- 
_ ings obtained for this work were less than } in. in thickness, it was 
necessary to establish new specimen sizes for the thinner sections. 
_ Data on these new standards have been established using specimens 
cast under the same controlled conditions used in the preparation of 
the conventional }-in. square test specimens. 
to All of the specimens tested were cut in such a manner as to in- 
clude one unmachined die-cast face and the impact tests were so 
- conducted as to place this face in tension in every instance. 


AVAILABLE CHARPY ImpACT STRENGTH DATA FOR TEST BARS 
Cast TO SIZE 


The Tentative Specifications B 86-33 T state the following 
_ minimum initial physical properties for test bars die cast to size: 


1 Chief Investigator, and Investigator, respectively, Metal Section, Research Division, The New 

Jersey Zinc Co., Palmerton, Pa. 
2 Proceedings, Am. Soc. Testing Mats., Vol. 33, Part I, p. 644 (1933); also 1933 Book of A.S.T.M. 
oe Standards, p. 257. 
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On Impact STRENGTH OF ZINC DIE CasTincs 


AVERAGE OF Five 
SPECIMENS InDrvipuaL SPECIMENS 
Attoy No. Attoy No. ALLoy No. ALLoy No. 


xXXI¢ XXIII¢ XXI XXIII 
Tensile strength, lb. per sq. in.*...... 44 000 35 000 35 000 30 000 by 
Elongation in 2 in., per cent ® 3.0 0.5 
Charpy impact, ft-lb. 12.0 


round section. 


2 by }-in. section 
© The alloys shall conform to the following compositions: a 
mercial No. XXI Attoy No. XXIII 
ith test 3.5 to 4.5 


‘© leave _ Magnesium, per cent 
st, the Lead, max., per 


ny 
The authors have published, at various times, data on these 
same alloys as follows: 


ALLoy No. XXI Attoy No. XXIII 
Maximum Minimum AVERAGE MAximumM MINIMUM AVERAGE 
Tensile strength, lb. per sq. 


: 52800 45700 47900 44600 36600 40300 
asis of Elongation in 2 in., percent. 7.5 3.1 5.1 7.3 2.0° 4.7 


sed on Charpy impact, ft-lb. * 23.25 16.50 19.00 34.75 14.00 20.00 


le cast- * Lower than A.S.T.M. minimum but exceeded A.S.T.M. minimum after short aging period. 

to size. ¢ The initial impact strength of these alloys varies with the magnesium content, being highest 
when the magnesium is at the minimum value. The authors’ data were obtained from alloys con- 

oe taining about 0.04 per cent of magnesium whereas the A.S.T.M. specification minima are based on the 

~cimens possibility of having the maximum magnesium content present. It may be pointed out that commercial 
die castings are usually made with magnesium contents near the minima permitted by the specifica- 

le Cast- tions and hence should tend to approximate the authors’ impact strength data more closely than the 

| it was specification requirements. 


ections. The maximum and minimum values given above are averages 

>cimens of results obtained on ten specimens each. The average data repre- 

ution of sent the average of results from ten specimens each of seven separate 
casts in the case of alloy No. XXI and of thirteen separate casts in 

s to in- the case of alloy No. XXIII. The specimens used were die cast by 

were SO the authors in a commercial die-casting machine and fulfilled the test 
bar specification requirements as to dimensions. _ 


Die Castings Used: 


A total of 77 commercial die castings ranging in weight from 
3 oz. to 133 lb. and in length from 3 in. to 49 in. were obtained from 
various commercial die casters. The castings were selected at ran- 
dom from regular production and in no case represented special 
casting conditions. 

From the castings, 520 impact test specimens were cut and 
tested. Since the castings represented a wide variety of shapes and 
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sections it is felt that the data obtained furnish a reasonably accurate 
representation of the impact properties of commercial die castings. 

All of the castings obtained were made either of alloy No. XXI 
or of No. XXIII. Since the difference in impact strength between 
these alloys is not significant when first cast, no attempt has been 
made to distinguish be:ween them in the present discussion. Had 
the tests been made on castings a year or two old the characteristic 
loss in impact strength of alloy No. XXI would have required con- 
sideration. 

wae 

The most desirable specimen would be one 3 in. long with a 
}-in. square section. This would correspond to the standard A.S.T.M. 
impact test specimen. While a number of castings were obtained 
from which such specimens could be and were machined, it was 
realized that the majority of die castings today are less than } in. 
in thickness and could not be investigated by means of the standard 
specimen. 

In order to cover the widest possible range of commercial cast- 
ings in this survey, the following specimen sizes were selected: 


WIvTH, IN. THICKNESS, IN. 


In the selection of test areas from a given casting every effort 
- was made to obtain the largest possible of the above sizes. Thus 
the use of a specimen 3 by 0.080 in. implies that the actual section 
thickness of the casting was less than } in. or else the } by §-in. speci- 
men would have been prepared. 

In the machining of the test specimens, the practice was estab- 
lished of leaving one face with the original die-cast surface undis- 
turbed. In the impact test this face was always turned away from 
the hammer in the position to take the maximum tensile deformation. 

In the case of the 4 by }-in. and the } by 0.080-in. specimens, 
the face left unsuichdend was always that having the dimensions 

Data were already available on }-in. square cast test bars, as given 
above, for comparison with the machined bars. In order to obtain 
some idea of the agreement to be expected between cast bars and 
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On Impact STRENGTH oF ZINc ALLOY Die 


machined specimens, some of the other shapes were supplied in both 
forms. Data on these specimens will be found in Table I. 


Method of Testing: 


The machine used was of the Charpy type having a potential 
breaking force of 36.75 ft-lb. The specimens were placed on a 40-mm. 
span in such a position as to place the die-cast surface away from the 
striking tup. It is estimated that the values obtained are accurate 
to the nearest 0.25 ft-lb. 


Results Obtained: gat 


The data obtained in these in the form. of 
frequency graphs. Figure 1 shows such a graph for the } by }-in. 
specimens. Only those test specimens cut from commercial castings 
are included in the charts. 


TABLE I.—Impact STRENGTH OF Test Bars, Cast TO SIZE OR MACHINED TO 
Size, AS INDICATED. 


Impact Strength, ft-lb. 


Alloy No. | Alloy No. 
XXIII 


Type of Specimen 


Cast to size 3.50 
Machined from } by }-in. cast bars 3.00 
Machined from 3 by }-in. east bars 3.50 
16.50 
Machined from 3 by _ cast bars 16.50 
Machined from 4 by f° 9.50° 
Machined from by 9.002 


* Some of these specimens did not break under the impact load but bent through the 40-mm. opening of the machine. 


The peak of the curve falls .between 10 and 20 ft-lb. The 
average, 18.75 ft-lb., agrees well with the authors’ average test bar 
data of 19.00 ft-lb. for alloy No. XXI and 20.00 ft-lb. for alloy 
No. XXIII. 

Attention is called to the relatively large number of specimens 
which exceeded 35 ft-lb. in strength. These were all cut from a 
group of automobile windshield stanchions of heavy section weigh- 
ing about 10 lb. each. It would seem that for a depth of } in., at 
least, large-section castings can be at least as strong as test bars. 

The few specimens showing low strength were cut from specific 
areas of castings showing excellent strength in other areas. The 
values obtained were low because of porosity of a type which can 
readily be overcome by comparatively slight changes in the venting 
of the die. 

The data from the } by }-in. bars are plotted in Fig. 2. It is seen 
at once that the great majority of the test specimens fell in the region 
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Average Data on §S, 
i Cast fo Size, ft-lb. 


Alloy No. XX1 -- 19.00 
Alloy No. XXIN-20.00 


Number of Cases 


OtoS Stol0 WtolS ISto20 201025 254030 30to35 35+ 


Impact Strength, ft-lb. 


‘Fic. 1 Frequency Graph, } by }-in. Impact Bars Cut 
Average Impact Strength of 148 Bars—18.75 ft-lb. 
80 
Average Data on Specimens ; 
Cast to ft -/b. 


| Alloy No. XX1 -- 


o 


Number of Cases 
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Impact Strength, ft -Ib. 


Fic. 2.—Impact Frequency Graph, } by 4-in. Impact Bars 
Cut from Commercial Castings. 
Average Impact Strength of 84 Bars—4.50 ft-lb. 


Ave Data on Specimens 
ast to Size, ft-/b. 
Alloy No. XX1-- 16.50 

Alloy No. XXIIl--18.50 


Number of Cases 
ro) o 
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oat Impact Strength, ft-lb. 
Fic. 3.—Impact Frequency Graph, } by }-in. Impact Bars 
Cut from Commercial Castings. 


Average I Strength of 51 Bars—16.25 ft-lb. 
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3 to 6 ft-lb. The average strength of 4.50 ft-lb. is somewhat higher — 
than the values 3.50 and 4.00 ft-lb. reported on test bars of — 
Nos. XXI and XXIII. 

The tests on the 4 by }-in. bars furnished the data plotted i i. 
Fig. 3. The average impact strength of 16.25 ft-lb. is in close agree- = 
ment with the values obtained on test bars. 7 

The thinner 3 by 0.080-in. test specimens yielded the data given in 
Fig. 4. Of the 177 bars tested, 113, or 64 per cent, fell in the regio 
9 to 12 ft-lb. The average value 8.50 ft-lb. lies between the en 
9.00 for alloy No. XXI and that of 7.75 for alloy No. XXIII. 


Discussion of Results: 


It is apparent from the data that so far as impact strength is 
concerned a close agreement exists between the properties of die- 


Average Data - S 
Cast to 


Alloy No. XX) -- 9.00' 
Alloy No XXI11--7.75 


Oto3 - 6to9 


Fic. 4.—Impact Frequency Graph, 4 0.80-in. Impact Bars seins 
Cut from Commercial Castings. (ingore. 
Average Impact Strength of 177 Bars—8.50 ft-lb. 
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cast test bars and of sections cut from the surface of commercial die 
castings. 

The authors are not prepared, at the present time, to draw any 
further conclusions from the data but would point out that with the 
exception of three large windshield parts the specimens tested repre- 
sented at least one-half of the total thickness of the castings investi- 
gated. No attempt will be made at this point to correlate the results 
obtained on machined specimens with the practical impact strength 


of the commercial castings as a whole. 


The authors are indebted to Mr. John Craig of this laboratory 
for his assistance in carrying out the impact tests. Credit is also due 
the die casters who cooperated fully in the selection of suitable cast- 
ings for the tests. 
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SOME FACTORS AFFECTING STRAIN 


This 5 paper is based on results of a large number of tests carried out for the 
purpose of affording a comparison of deformations on various elements of both 
tension and compression specimens of various forms in both the elastic and 
plastic ranges. 

The testing procedure has been laid out for the purpose of determining the 
effects of eccentric and oblique loadings on the specimens; the effects of different 
types of testing machine jaws on the deformations obtained and the effects of 
different types of plugs in the case of the hollow round tension specimens. 

The results obtained indicate definitely the necessity for uniform and axial 
loading of specimens, especially when determining the elastic modulus. Under 
such conditions of testing, it appears relatively unimportant whether strains 
are measured on one or more elements of the specimen. 

Under conditions of non-uniform or non-axial loading, it would appear 
necessary to determine strains simultaneously on opposite elements of a speci- 
men in order to obtain satisfactory values for modulus of elasticity. 

The test conditions for obtaining satisfactory yield strength values are much 
less exacting than those for obtaining satisfactory modulus values. 


— Cr — —e 


There are many factors which affect strain measurements in the 
testing of metals for mechanical properties. This fact was well 
recognized sixty or more years ago by those investigators in Germany 
who carried out much of the early classical work in the materials- 
testing field. ‘The strain-measuring apparatus and testing machines 
which these pioneers had to work with may not have had refinements 
of design and workmanship found in present-day testing equipment 
but did apparently have sensitivities and accuracy tolerances on a 
par with the apparatus we are using today. For example, Bauschin- 
ger’s mirror extensometer, perfected in 1873, was capable of measuring 
strains to one part in 100,000. Martens’ modification of Bauschinger’s 
device of the same degree of precision followed shortly thereafter. 
Two paragraphs appearing in Martens’ Handbook of Testing Materials 
(1898)? are quite indicative of the conclusions reached by the foremost 
investigators of that time, concerning factors affecting strain measure- 
ments in tests of metals. ct 


1 Chief Engineer of Tests, Aluminum Company of America, New Kensington, Pa. en ; 
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TEMPLIN ON STRAIN MEASUREMENTS oF METALS 183 
In 1914 this Society changed its standard methods regarding 
attachment of extensometers to tension specimens, from “to two 
sides of the specimen” to ‘‘on the two opposite sides of the specimen 
in the case of flats, and at three equidistant points in the case of 
rounds.” After much discussion, including dissension, the standards 
of 1916 were adopted. In these appear the requirements that “the 
extensometer should be attached to at least two sides of the specimen 
to compensate for unequal elongation, for improper holding, or for 
any slight bending that may exist in the specimen.”” These require- 
ments remained in the standards until ten years ago when the standards 
were discarded and new tentative methods issued which omitted all 
requirements involving number of points of attachment for extensom- 
eters. The new standards adopted last year likewise contain no 
such requirements. 

While some very definite opinions of testing men have been reg- 
istered throughout this history, yet there seems to be a conspicuous 
absence of factual data in evidence. Furthermore, today, in routine 
inspection tension tests of metals, we are more concerned with determi- 
nations of yield points and yield strengths than with modulus of 
elasticity, elastic limit, and proportional limit values. It follows, 
therefore, that we must give attention to the factors affecting strain 
with a view towards obtaining a better 


MATERIAL AND SPECIMENS 


In the present instance we shall confine our attention to metals 
having no yield points but for which yield strengths must be de- 
termined. The investigational work that will be described was 
carried out for the purpose of obtaining a better quantitative under- 
standing of the factors affecting strain measurements on both tension 
and compression specimens of various forms. Tension tests were 
made on standard A.S.T.M. sheet specimens! with various ratios of 
width to thickness; on standard 0.5-in. diameter round threaded-end 
specimens! under axial, oblique, and eccentric loads; on standard 
tubular specimens' with different ratios of diameter to wall thickness 
and tested with two types of V-grips using both poorly and well-fitted 
plugs. Compression tests were made on tubular, angle, channel, and 
I-beam specimens of short length to show the effects of form of speci- 
men on strain measurements under optimum practical test conditions. 


1See Tentative Methods of Tension Testing of Metallic Materials (A.S.T.M. Designation: 
.S-m 1933 Book of A.S.T.M. Standards, Part I, p. 949. 
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184 TEMPLIN ON STRAIN MEASUREMENTS OF METALS 4 


The metals used for the tests were high-strength wrought alumi- 
num alloys, but quite similar results would be anticipated with any 
other metals having similar stress-strain characteristics. Such other 
metals would be cold-worked copper or steel, nickel, alloys of mag- 
netom, stainless steel, and many others. 


T he tests were all carried out in multi- “range Amsler machines 


using the lowest capacity possible for a given specimen. The accuracy 
of each range used was well within +1 per cent. Spherically seated 
grips were used wherever possible, and for the sheet specimens grips 
were used which insured both axial and uniform gripping of the test 
specimens. For the obliquely and eccentrically loaded specimens, 
the test conditions were purposely exaggerated considerably beyond 
those normally encountered in present-day laboratories, in order 
better to illustrate the effects of these factors. 

The strain gages or extensometers used for most of the tests 
were of the l-in. gage length, Huggenberger type with a nominal 
magnification ratio of 1200:1. Estimation of readings to the nearest 
fifth of a division gave a sensitivity with these instruments, of one 
part in 120,000. For a metal having a modulus of elasticity of about 
10,000,000 Ib. per sq. in., this sensitivity corresponds to a stress of 
about 80 lb. persq.in. For some of the tests a }-in. gage length type 
was used which had a nominal magnification ratio of 2000:1 and a 
sensitivity of one part in 100,000, corresponding to a stress of about 
100 lb. per sq. in. Before use in the tests each instrument was care- 
fully calibrated' and its multiplication constant determined. These 
constants were then used in converting instrument readings into 
strain measurements. 

The set value used for yield strength is the one now in general 
use in this country for non-ferrous metals, that is, 0.2 per cent, as 
determined in accordance with the standard A.S.T.M. method. 

In carrying out the tests, from two to ten strain gages were used 
‘simultaneously on a specimen. For the elastic strain measurements, 
readings were taken at intervals of stress corresponding to nominal 
values of 3000, 6000, 9000, 12,000, 15,000 and 18,000 lb. per sq. in 
The load was then released to some low value between 1000 and 2000 

‘Ib. per sq. in.; each gage shifted to the next gage line; the loads and 
_Ceereeponeing strain readings repeated; and so on until a series of 
_ readings was obtained with each instrument on each gage line. This 
z _ procedure gave stress-strain data for each instrument used on every 


TESTING PROCEDU 


4 1R. L. Templin, “The Calibration of Extensometers,” Proceedings, Am. Soc. Testing Mats., 
Vol. 28, Part II, p. 714 (1928). 
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gage line in a given test. From such data, variations resulting from 
both individual instruments and gage-line location could be determined. 
Also variations in modulus of elasticity values from the grand average 
value of the specimen were readily determined. When the specimens 
were stressed beyond the elastic range, each instrument was retained 
on a specific gage line until after the yield strength was passed. One 
of the specimens with strain gages attached is shown in Fig. 1. 


Fic. 1.—Tubular Tension Specimen Ready for Test. 


Without exception all of the stress-strain data when plotted gave 
straight-line relationships, within the sensitivity and observational 
error limitations of the strain gages, throughout the elastic ranges of 
the specimens. Space limitations preclude the giving of all the data 
so a comparison will be made only on the basis of a nominal stress of 
15,000 lb. per sq. in., for the purpose of showing the effects of the 
different factors on the strain readings, in the elastic range of the 
material. Because of the straight-line relationships previously noted, - 
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however, such a comparison would be valid for any other nominal 
stress within the elastic range. 


RESULTS OBTAINED 


‘In the tension tests of the rectangular sheet specimens, the 
strain gages were applied to both the edges and faces at the center of 
the reduced section. The results obtained for the nominal stress of 
15,000 Ib. per sq. in. are given in Table I. The strain readings at 
other stresses, however, had to be used to obtain the modulus of 

elasticity and yield-strength values given. 


TABLE I.—SHOWING VARIATIONS IN TENSILE PROPERTIES OF SHEET SPECIMENS, 


oung Variation in Variation Yield 
Thickness of Sheet, in. | #8 | Modulus of | Modulus of | Pp _ in Stress, | Strength, | 4m Yield 
Line® | Elasticity, | Plasticity, | 16,000, | per cent |Ib, per aq. in 


per cent 


er No.2] 9890000 —0.89 15 340 +2.20 56 000 +0.04 
10 260 000 +2.89 14 280 —4.86 56 000 


10 110 000 


+1.38 


—2.00 


eS ee 9 940 000 —0.90 15 470 +1.71 39 200 40.26 
No. 2| 10.070 000 +0.40 15 440 +1.51 39 200 +0.26 
No.3] 9810000 —2.20 15 650 +2.89 38 900 —0.51 


10 300 000 
9 800 000 


8 840 000 


+4.92 


+7.41 


No.2] 9930000 —1.10 15 275 +1.73 ‘| 39400 
Ys.--- No. 3 | 10 040 000 0 14 900 —0.77 39 500 +0.38 
10 390 000 —5.89 


© Gage lines Nos. 1 and 3 on edges and Nos. 2 and 4 on faces of specimens. 


> re No.2} 9930000 +1.36 14 325 —3.05 40 200 +0.69 
Se No. 3} 10210 000 +4.22 14 280 —3.35 40 000 +0.19 I 
SEER, ee No. 4} 10 210 000 +4.22 14 620 —1.05 40 000 +0.19 


In thin specimens of this type appreciable variations in modulus 


determination would be anticipated. The magnitude of the variations . 
found in these tests, however, would be somewhat decreased if the i 
results from opposite sides of the specimen were averaged. The data : 
given would appear to indicate that yield-strength determinations 
can be made with satisfactory results on either the edges or faces of & . 
the specimen. 


The variations in strain, indicated in terms of stress, for the }-in. 
diameter specimens, under the different conditions of testing used, are 
shown in Fig. 2. Some of the stress-strain curves for these specimens 
are shown in Figs. 3 and 4. It may be observed that under quite 
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seem that there is not much difference in the strain readings obtained 


minal favorable conditions of testing wherein much care has been given to 
apparatus, preparation of specimens and testing procedure, measurable | 
variations in strains will occur. It would seem apparent from the 
data that eccentric conditions of loading have a more pronounced _ 
, the effect on the strain readings than oblique loading conditions of similar aes 
‘er of magnitude. This is particularly so if the gage lines used happen to 
8s of be in or near the plane of eccentricity. On the other hand, if the gage 
gs at lines are in or near a plane normal to the plane of eccentricity quite _ 
us of satisfactory strain measurements may be obtained. 
The marked differences in values of modulus shown by the indi- Pie 
vidual gage line curves in Figs. 3 and 4 are very much minimized if = 
eV not almost eliminated when values from opposite gage lines are aver- 
ariation 
Yield 
trength, 
er cent 
$0.04 
+0.04 
+0.04 
4+-0.26 
+0.26 
—0.51 
0 
—0.89 
+0.13 
+0.38 
+0.38 
—1 06 
+0.69 
+0.19 Fic. 2.—Variation of Stress from a Nouseal Value of 15,000 Ib. per sq. in. in Ten- ‘ 
se sion Tests of Standard }-in. Diameter A.S.T.M. Specimen. } 
aged. This appears to be so even when the instruments are not at i 
the center of the reduced length of the specimen. It is apparent from HW 
riations f° consideration of the modulus values obtained on any three gage | 
1 f the lines equally spaced around the specimen, that an average of any such | 
he data three does not give as satisfactory results throughout, as an average ; | 
rec of values from any two gage lines diametrically opposite. J 1 
faces of The yield-strength values showed quite close agreement except | 
in the case of the obliquely loaded specimens with the strain gages ; \) 
0.5 in. above the center of the specimen. ‘ 
seed, are The variations in strain, again in terms of stress, for a nominal ae A 
mY stress of 15,000 Ib. per sq. in., occurring in tubular tension specimens i i 
lex quite are shown in Fig. 5. With respect to the variables included, it would ? i 
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TEMPLIN 


Axial Loading Gage Line Parallel to Gage Line Normal to 


Plane of Eccentricity Plane of 
Strein, in. per inch 


Fic. 3.—Stress-Strain Curves for Standard }-in. Diameter Teaien Specimen 
Under Axial and Eccentric Loads. 


0.00/ in 
Gage Line at Center of Specimen - Gage Line 3 in. Above Center of Specimen ig. 
Strain, in. per inch 


Fic. 4.—Stress-Strain Curves for a Tension Specimen Under Oblique Loading. 


= MEASUREMENTS OF METALS = 
/ | / 
Sf Sf | §| — of Sf 
a4 
Sf SF SA ‘ 
15000 A | 8 


TEMPLIN ON STRAIN MEASUREMENTS OF METALS 189 


vhen 90-deg. and 120-deg. V-grips are used. In general, what differ- 
ences there are would appear to be slightly in favor of the 120-deg. 
\-grips. The well fitting plugs used were machined so they had to 


6 6 
Fitting 3 
Plugs 
5 5 
6 
| 5 4 4 4 4 
Be 8 6. > 26 
nen Poor Fitting a 
lugs 7 3 (+) 
5% 3 5 
Poor Plugs 0 2000 (ib per sq. in.) 


Tension Tests of Tubing. 


ine! KES 
5 by 0.210-in.Web I-Beam 6 by 0.200-in. Web Channel  34-in. Outside Diam. Well Tube 
#*15.0 b=17.8 

QO S00 1000 (1b. per 

Vertical Scale for Variation 


in Stress from Nomina! 


Fic. 6.—Variation of Stress from a Nominal Value of 15,000 Ib. per sq. in. 
Compression Tests of Various Shapes. 


be driven into the specimen, whereas the poorly fitting plugs had to be ~ 
held in place until appreciable load was applied to the specimen. As 
e would be expected appreciably more consistent readings were obtained 
| with the better fitting plugs. 


i 
qa 
Fic. 5.—Variation of Stress from a Nominal Value of 15,000 Ib. per sq. in. in oor. ay 
J 8 2 
Gage line | toward east Gage line | toward east 6 by Angle { 
a 
| 
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The variations in the measured strains, in terms of stress, for 
certain common structural shapes together with one tubular specimen, 
in compression are shown in Fig. 6. The variations in stress have been 
plotted to a much larger scale than used in the other figures in order 


to bring out more clearly the differences occurring. In making the 


tests on these specimens, strain measurements were first taken with 
the specimens in one position in the testing machine and a load 


| | 


| Total 128 Readings 


Gage line 1 toward east 
Gage line 1 toward west ~ 


4 


64 Readings 
/ine 1 toward east ~ 


64 Readings 
Gage line 1 toward west ~ 


000 11000 12000 8000 14000 15000 000 M000 18000 


Compressive Strength, lb. per sq. in. 
Fic. 7.—Frequency Diagrams for Strain Measurements on 5-in. I-Beam Specimen 
in Compression, 

Note.—Each plotted point represents the average of eight readings, either eight tensometers on 
each gage line or each tensometer on eight gage lines. 
applied in 3000 Ib. per sq. in. increments until a nominal maximum 
stress of 18,000 lb. per sq. in. was attained; after which the load was 
removed, the specimens were rotated 180 deg. in the machine and the 
loading procedure repeated to the stress indicated, then carried beyond 
the yield strength and to failure. Certain differences in stress varia- 
tions may be noted in the cases of the I-beam and channel specimens 
when they are rotated 180 deg. These differences may be attributed 
to slight errors in parallelism of the heads of the testing machine and 
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ir slight errors in paralielism of the faces or ends of the specimens. In \ aa 
L, the case of the angle compression specimens, buckling of the longer 
n outstanding leg took place early in the test with the result that the — 
or relief of strain in this portion of the specimen caused an increase in “4 
e the strain in the other leg of the specimen. The values of stress __ 
h indicated for this specimen are the averages of each set of three gage ae ve 
d lines at the outer ends of the outstanding legs and two gage lines on fae oe 
the two faces near the corner of the angle. The variations in strain “i 
in the case of the tubular specimens are indeed of small magnitude. a 
7 6 
45 
Gage line 1 toward east 
| @ Gage line 1 toward west ; 5 
8 00 
= 
a 
46 2 
2 16 000 
-| 
© Gage toward east 
14 000 Gage line 1 toward west 1-5 ; 
ay 
Fic. 8.—Chart Showing the Average Measured Stresses for Each Gage Line end ie : keg 
imen Each Tensometer, for the 5-in. I-Beam in Compression. ae 
ers on In an attempt to give a better picture of the variations of strain ~ | 
measurements occurring in a compression specimen, the data forthe __ 
num I-beam specimen have been plotted in the form of frequency diagrams 
“was in Figs. 7 and 8. Using the methods advocated in the Society’s 
1 the Manual on Presentation of Data,' it is found that the measured 
yond average stress in this specimen is 14,890 lb. per sq. in., when the 
aria- nominal value is 15,000 lb. per sq. in. Measured values ranging from 
mens 12,030 to 16,690 lb. per sq. in. are observed. Breaking down these a = i 
yuted data shown in Fig. 7 (a), so as to take account of the two positions _ 
1 Proceedings, Am. Soc. Testing Mats., Vol. 33, Part I, p. 451 (1933). 
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> Stress-strain curve showed a reversal in direction indicating a relief of stress after longer outstanding leg failed by buckling. 


@ Stress-strain curve showed no departure from the straight line. that is, did not reach yield strength. 
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f the test specimen in the testing machine, we find about the same 
icture as shown in Figs. 7 (b) and (c). If the data, however, are : 
plotted on the basis of gage line number and instrument letter, as 
shown in Fig. 8, and the results so obtained correlated with the informa- 
tion given in Fig. 7, we find that the low readings represent acombina- == 
tion of a low- reading instrument and a low-reading gage line, and a 
the same way the high values represent the combination of a high- ps B 
reading instrument with a high-reading gage line. It is evident — aa 
from a study of the diagrams in Fig. 8, that the errors resulting from 
location of gage lines are of the same order of magnitude as those © oe 
caused by the instruments used. In general it will be observed 
that the instruments repeat quite satisfactorily with the exception of _ 
A and C. It so happens that these are two instruments which have 
been in service for a number of years, whereas the other instruments 
are new and have been used but a comparatively short time. F f 
The modulus of elasticity and yield strength values from the ie 
compressive tests of structural-shape specimens are given in Table II. bs 
In the results obtained for modulus of elasticity, it will be noted that 
rather wide variations exist. In the case of the I-beam section, it — 
may be further noted that the averaging of opposite gage lines, such 
as 1 and 5, 2 and 6, 3 and 7, or 4 and 8, does tend to decrease the © 
amount of variation from the average value. ‘The largest variation _ 
in modulus of elasticity value was obtained on the outer end of the __ 
longer leg of the unsymmetrical angle section indicating that bending | 
of this portion of the specimen started at comparatively low loads. 
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Attention is called to the very satisfactory agreement of the 
yield strength values obtained on any.gage line of the structural-shape 
specimens. The greatest observed variation is in the case of the = 
unsymmetrical angle specimen. Aine 


CONCLUSIONS 


Summarizing the results obtained in the investigation just 
described, it would seem evident that: Eo 

c. Considerable variations in strain and hence stress are to be © 
nticipated in both tension and compression specimens, even under mee 
conditions of testing involving the use of careful technique and oe a mh 
ipparatus. 

2. The results obtained indicate definitely the necessity for 
uniform and axial loading of specimens, especially when determining _ 
the elastic modulus. bane 

3. If such conditions could be attained, it would appear slatively as 4 
unimportant whether strains are measured on one or more elements of ae = 
the specimen. 
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- 4. Under conditions of some non-uniform or non-axial loading 
- more satisfactory modulus values are obtained if strains on opposite 
elements of a specimen are averaged. 
5. The test conditions for obtaining satisfactory yield strength 
values are much less exacting than those for obtaining satisfactory 
modulus values. 
6. Strain readings obtained on any one element parallel to the 
axis of a specimen, either in the tension or compression test, will give 
quite satisfactory yield strength values. 
These facts emphasize the necessity of considering the purpose 
of the test results in selecting suitable methods of testing. 


Acknowledgment.—The author wishes to acknowledge the assist- 
ance of Messrs. M. Holt and J. O. Lyst in securing the test data 
given. 
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Mr. H. C. Mann! (presented in written form). —The conclusion ‘Lae 
drawn from Mr. Templin’s experiments are for the most part in com- _ 
plete accordance with results obtained at the Watertown Arsenal 
Laboratory. In the testing of plate material } in. and over in thick- _ 
ness, we have found it absolutely essential to use a type of extensometer _ 
which automatically reads the average of the strains, and have also z 
obtained more satisfactory results when the strain gage is attached to 
the edges of the plate, rather than to the plate faces. bee 
So far as modulus of elasticity is concerned, our experience has 
brought out that material condition as regards the presence of residual 
stress, is of far greater importance than the question of axial loading. | 
The effects of non-axial loading are practically eliminated by the use 
of an extensometer which automatically reads the average of the * 
strain on opposite elements of the specimen, but unless the material 
is completely relieved of residual stress, true modulus values cannot — jt he 
be obtained. 
It is inferred from the statement in the last sentence under the ee { 
section ‘‘ Materials and Specimens” (page 184) that cold-worked steel — tia 
would be expected to show similar stress-strain characteristics to — 
high-strength wrought aluminum alloys. If this inference is intended © 
we would point to the fact that steel which has been cold worked and 
subsequently stress relieved, and this is the only condition in which it 
should be tested, will exhibit the same stress-strain characteristics as 
before cold work, the only difference being in the higher proportional 
limit obtained. The true modulus value will remain the same re- | 
gardless of the amount of cold work. eee. 
Mr. R. W. Vose? (presented in written form)—Mr. Templin’s 
statement that ‘“‘the average of three equally spaced gage lines (around 
a cylindrical tension specimen) does not give as satisfactory results as 7, ; 
the average of two gage lines diametrically opposite’’ disturbed me 
since I have been using three equally spaced Huggenberger Ten- 
someters in certain rather particular work. To clear up this pointI 
have analyzed the general case and also Mr. Templin’s data from Be: 
several different points of view. ba 
In the accompanying Fig. 1 are shown three different cases of Me 
stress distribution as they are ordinarily conceived according to the | ; 


1 Research Engineer, War Department, Watertown Arsenal, Watertown, Mass. 
2 Assistant in Materials Testing, Massachusetts Institute of Technology, Cambridge, Mass, 
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_ simple theory. The tension specimens are loaded with eccentricities 
of one-eighth, one-quarter, and one-half the radius of the specimen, 
respectively, and the resulting stresses shown to scale around the out- 
side of the specimen. These stresses are also shown on the polar plot 
such as Mr. Templin uses in his Fig. 2 in which the stress at any point 
on the outside of the specimen is plotted to scale on the radius vector 

to that point. 
From the figures it may be readily seen that a perfectly regular 
_ stress distribution may be represented on a somewhat irregular polar 


| 


By 
7 Fic. as Distributions of Specimens Loaded in Tension with Eccen- 
tricities of one-eighth, one-fourth and one-half Radius of Specimen. 


plot, and that consequently this type of polar plot is not suited to 
simple visual analysis. A comparison with Mr. Templin’s Fig. 2 
will show that the stresses which he represents in this way are probably 
in very close agreement with the uniformly varying distribution of 
stress which the simple theory of eccentric loading calls for. For the 
case of uniformly varying stress over a circular section I would take 
it for granted that any number of equally spaced readings would 
average up correctly, but to make sure of this point I have obtained a 
rigorous mathematical proof which will not be given for lack of space. 
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Since Mr. Templin plots eight equally spaced readings around his 
specimen, and makes no mention of having taken three equally spaced 
readings, I would infer that his conclusion regarding the latter arrange- 
ment have been drawn from the general appearance of the polar plot. 

In view of the above I am led to the following conclusions: 

1. The polar plot of stress, though correct, is misleading to visual 
inspection. 

2. The stress on Mr. Templin’s cylindrical specimens was uni- 
formly varying within the usual limits of experimental determination. 

3. The use of three equally spaced readings diminishes the prob- 
able error of the average over that given by two, and in addition 
gives a definite indication of the eccentricity, where two may not. 

Another point of an entirely different nature may be noted on 
comparing my diagrams in Fig. 1 with Mr. Templin’s Fig. 2. He 
states that his specimens were loaded with an eccentricity of } in. 
or one-half the radius, which would correspond to the top diagram in 
Fig. 1. My diagram, based on the common theory and neglecting any 
local action of the fillets, etc., shows a very definite reversal of stress, 
and an actual loop on the polar plot, while Mr. Templin’s experi- 
mental plot corresponds much more closely to my lower diagram with 
only in. eccentricity. 

While I do not expect theory and practice to check exactly in 
this case, the difference should not be more than ten per cent or so, 
and this would indicate that the actual eccentricity in Mr. Templin’s 
specimens was only a small fraction of what he intended. This 
situation may be easily explained if he loaded his specimens through 
screw end holders, since the slack in the screw threads might easily 
give } in. and neutralize the intended offset. Accordingly I would 
like to inquire of Mr. Templin how he loaded his specimens and how 
he measured the eccentricity of the load. 

Mr. Templin’s Fig. 8 showing the percentage deviation of the 
various Huggenberger Tensometers checks very nicely with my own 
experiences. The largest variation is about six per cent while the 
average is two per cent, which shows that the various errors of cali- 
bration, mounting pressure, position, etc., are quite serious. It is 
only by a special optical calibration and a thorough investigation of the 
behavior of these instruments that I have been able to bring the errors 
within the one per cent that is desirable for research work. 

Mr. Templin’s conclusion that ‘‘considerable variations in strain 
and hence stress are to be anticipated in both tension and compression 
specimens, even under conditions of testing involving the use of careful 
technique and good: is too true. is practically 
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impossible to obtain central loading with a 2-in. screw-end specimen 
with any of the so-called ‘‘swivel’’ holders, and furthermore a speci- 
men once removed from the holders, or even slacked off, can never be 
re-loaded in the original manner. The most nearly perfect condition 
that I have discovered consists of loading a common 2-in. screw-end 
tension specimen in compression by means of }-in. steel balls placed 
in the center holes. This is suitable only for work well within the 
elastic range, but it does give centering within about one per cent, 


and is certain to give conditions capable of being reproduced. 


Mr. L. B. TucKERMAN! (presented in written form).—Anyone 
interested in accurate measurement of strain will find it profitable to 
study in detail the strain distributions which Mr. Templin shows. 
It is, for instance, obvious from his data that on round, solid or tubular 
specimens, two diametrically opposite gages will give a better measure 
of the average strain than three gages “‘at three equidistant points,” 
which could also be predicted from theoretical considerations. If 
two gages are not adequate, then four should be used. That two gages 
are not always adequate for an accurate modulus determination can 
be seen from a study of Mr. Templin’s Fig. 5. All of the curves, even 


_ with good fitting plugs, are definitely elliptical in shape, the ellipticity 


being more marked for the thinner walled (larger D/t) tubes. 

. We have found similar results at the National Bureau of Stand- 
ards. A careful study was made some time ago on a chromium- 
molybdenum steel tube, diameter 2.502 in., average wall thickness 
0.0343 in., D/t = 72.9, tested with a “wringing fit” mandrel in 120- 
deg. V grips. Eight (sometimes only four) optical strain gages were 
uniformly spaced around the tube at distances 3}, 8, and 12 in. (middle 
of specimen) from the grips. In spite of care to secure axial loading, 


we found, as we had: expected to find, definite indications of eccen- 


tricity of load. We were, however, surprised to see how little reliance 
could be placed on two diametrically opposite gages. 

The average strain for the same load measured on two diamet- 
rically opposite gages 33 in. (14 tube diameters) from the grips differed 
by over 19 per cent, depending upon the relative position of wedge 
grips and gages. When the distance from the grips was increased to 
12 in. (middle of specimen) the difference between pairs of opposite 
gages decreased to less than 2.5 per cent. This approach to uniformity 
as the distance from the grips is increased is a striking illustration of 
St. Venant’s “principle of the elastic equivalence of statically equipol- 
lent systems of load.’”’ In all cases, however, even when the gages 
were too near the grips for the local inequalities to disappear, the 

* Assistant Chief, Division of Modteaies and Sound, National Bureau of Standards, Washington, 
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average of any set of four gages spaced 90 deg. apart agreed with the 
average of any other set of four spaced 90 deg. apart by less than 
} per cent. 

These results on thin-walled tubing, although their magnitude 
is larger than anticipated, are readily understood as consequences 
of the unsymmetrical gripping of the specimens. Not so clear are the 
reasons for the high measured strains in the web of the I-beams tested 
in compressions (see Fig. 6 of the paper). Were those perhaps caused 
by incipient buckling in the outstanding flanges, as in the case of the 
angle specimen? 

His conclusions are an excellent summary of the data, but I 
find myself wondering about his last conclusion that ‘‘strain readings 
obtained on any one element parallel to the axis of a specimen, either 
in the tension or compression test, will give quite satisfactory yield 
strength values.” 

There is no question in my mind that this conclusion is justified 
for tests made on accurately dimensioned specimens in laboratories 
such as those under Mr. Templin’s charge, where the testing fixtures 
are regularly inspected and adjusted, and only minor misalignments 
can exist. Testing equipment is not so carefully maintained in all 
testing laboratories and test specimens are not all accurately dimen, 
sioned. The average of two opposite gages will iron out, so far as 
yield strengths are concerned, fairly large eccentricities of load, and 
irregularities in specimens. Perhaps I should not question his con- 
clusion but use it as an argument that the testing equipment in more 
testing laboratories should have as careful supervision. 

Mr. J. R. TownsEnp.'—I should like to discuss briefly a point 
in the paper, namely, the accuracy of the tension test. On page 184 
of the paper, it is stated that “The accuracy of each range used was 
well within +1 per cent.” Referring to Table I of the paper, the }-in. 
thickness specimen which I take it was 3 in. in width, had a measured 
stress of 15,000 lb. per sq. in.; the corresponding load is 1875 lb. If 
this load were measured on a 4000-Ib. scale, one per cent error, taking 
the maximum error indicated, would be 40 lb. That corresponds to a 
two-per-cent error in the computed stress, or 320 lb. If the load were 
indicated on a 2000-Ib. scale, the error then would be 20 lb. (or one 
per cent) and the stress 160 lb. 

Keeping this in mind, it is mentioned in the paper that the error 
in the extensometer is one part in 120,000. This corresponds to a 
measurement in length or elongation of the specimen of 0.000008 in. 
and an error in strain of approximately 80 lb. for material with a 


1 General Development Laboratory, Bell Telephone Laboratories, Inc., New York City. 
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modulus of elasticity of 10,000,000 lb. per sq. in. If the material 


_ had a modulus greater than 10,000,000 Ib. per sq. in., for example 
steel where it is 30,000,000 lb. per sq. in., the error in measuring the 


strain due to the extensometer would be three times as great. 
Calibration data from a number of testing machines indicate 
that errors in the testing machine of the order of one-eighth to one- 
quarter of a per cent are possible when testing in the mid-range of the 
testing machine in determining the cord seals, and applying this to 


_ the figures previously given, it is seen that the error is in general less 


than the error in determining the strain. Extensometers read roughly 
one part in 100,000; accuracies greater than this are subject to some 
question. It is possible instead of using a 1-in. gage length, however, 
to use a larger gage length, and while this does not give a propor- 
tionate increase in accuracy, it certainly aids in readability, and in 
all probability gives a general over-all picture of the percentage elonga- 
tion of the material. 

In general it might well be stated that due to the developments in 
the testing machine and the accurate calibration that is possible with 


_ these machines at the present time, with the Moorehouse and other 


types of calibrating rings; the over-all accuracy of the testing machine 


exceeds the over-all accuracy of the extensometers that are available 
_ for stress-strain determinations. In ordinary routine testing, this is 


not of very great importance, but where accurate modulus determina- 
tions are necessary, and particularly in view of recent developments in 
the mechanical art, where it is necessary to know the modulus aud to 
determine elastic hysteresis, it is very important that we have con- 
siderable improvement in the type and accuracy of extensometers. 
This discussion is offered, therefore, to call attention to the need for 
the development of more sensitive extensométers. 

Mr. R. L. Tempra! (author’s closure).—In regard to the discus- 


sion offered by Mr. Mann, the question of relative significance of 


initial stress in modulus of elasticity determinations might be some- 
what controversial because the modulus may be determined on rela- 
tively small changes of stress which would not be materially affected 
by residual stress. An example of the determination of modulus at 
very low stresses is found in the work done by Messrs. Brombacher 
and Melton.2. The suggested procedure for determining the modulus 


; of elasticity of cold-worked materials by first annealing them is not 


I believe common practice in the testing of materials. Our own 


1 Chief Engineer of Tests, Aluminum Company of America, New Kensington, Pa. 

2 W. G. Brombacher and E. R. Melton, “Temperature Coefficient of the Modulus of Rigidity of 
Aircraft Instrument Diaphragm and Spring Materials,” Report No. 358, Nat. Advisory Committee 
for Aeronautics (1930). 
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al experience has been that the more satisfactory procedure is to first 
le overload the cold-worked specimen above the yield value, then 
he release the load and determine the modulus of elasticity by suitable 
stress-strain measurements. This procedure has been followed in 
te some instances using as many as twenty overloadings with no further 
“di detectable change in modulus value after the first overloading. 
” Mr. Vose refers to the statement that the average of any two 


opposite gage lines appears to give better results than the average 
value from three gage lines as interpolated from the curve shown. If 
ly the stress has a perfectly planar distribution across the section, the 


ne average of any two or more of gage lines equally spaced around the 
T, specimen will give the true average. If, however, the stress distribu- 
olf tion is not truly planar, the more gage lines that are used uniformly 
= distributed around the periphery, the more reliable the average value. 
afl Mr. Vose’s use of three gage lines does not necessarily lead to a greater 
, error than the use of two gage lines, but as poiuted out in the paper, 
044 one pair of opposite gage lines spaced 180 deg. on solid specimens 
ith seemed to give better values than the results which would have been 
sad obtained from three gage lines. 
me In connection with the variations in stress caused by the eccen- 
ble tricities, it should be pointed out that while eccentricities were intro- 
has duced in the loading of the specimens there was no assurance from 
wd the set-up that the intended eccentricity was actually obtained on 
ings the specimen because the loading shackles were relatively stiff com- 
to pared to the specimen. It should be pointed out, however, that there 
onl was no intention of checking up on the actual eccentricities but 
a. they were introduced merely for the purpose of obtaining a variation 
for in stress across the section. 

In determining the yield strength of metals by means of a single 
oh gage line it is necessary,as Mr. Tuckerman has pointed out, that all test- 
of ing equipment be frequently inspected and calibrated. Our procedure 
“dj has been thoroughly to inspect, recondition and calibrate the testing 
la- machines in all of our laboratories at least once every six months. 
ted One point Mr. Townsend made having to do with the accuracy 
at of extensometers—I do not believe I specified that they were accurate 
her to one part in 120,000, but were sensitive to that degree. There 
lus may be quite a difference between accuracy and sensitivity. The 
- accuracy of the data given is more on the order of five per cent in 


some instances. High sensitivity without comparable accuracy may 
be very misleading and it should be emphasized, therefore, that 
~Aon extensometers with a high degree of both sensitivity and accuracy 
are desirable. 
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EFFECT OF SIZE AND SHAPE OF TEST SPECIMEN UPON 
THE OBSERVED PHYSICAL PROPERTIES 


IncE Lyse! anp C. C, KEysEr' 


SYNOPSIS 


This paper presents the results of an investigation of the effect of size and 
shape of test specimens upon the observed Johnson’s elastic limit, the tensile 
strength, the percentage of elongation in a 2-in. gage length, and the reduction 
of area of the fractured section. The specimens were machined from }-in., 
}-in., and 1-in. thick plates which were rolled from the same heat of structural 
grade steel. The size and shape of the test specimens varied from }-in. to 1-in. 
diameter bars and from } by }-in. to 1 by 4-in. rectangular sections. 

The results showed that the size and shape of the test specimens had prac- 
tically no effect upon either the Johnson’s limit or the tensile strength. The 
observed percentage elongation in 2 in. increased and the reduction of area 
decreased with the increase in ratio of width to thickness of the rectangular 
specimens. For round bars the percentage elongation increased with the in- 
crease in diameter while the reduction in area remained practically constant. 
In general, the results of this investigation agreed well with previous data 
available on this subject. 


INTRODUCTION 


The question of how the size and shape of the test specimen 
influence the secured test results is frequently raised in connection 
with tests of steel and other materials. Recent investigations have 
shown that the strength of a large concrete specimen is considerably 
less than that of a small one,? 4 36 by 72-in. cylinder showing only 
from 80 to 85 per cent of the strength of a 6 by 12-in.: cylinder. 
Investigations on steel have shown only slight variations in strength 
due to the size and shape of the test specimens, but an uncertainty 
of the amount of these variations has been general among manu- 
facturers and users of structural steel. The effect of the thickness of 
the rolled steel section has also been questioned; experiences having 
shown that a thick section often has a lower yield point than a thin 
section of the same material. For the purpose of securing more data 
on these questions than already available in engineering literature, 


1 Research Associate Professor of Engineering Materials, and Laboratory Assistant in Civil Engi- 
neering, respectively, Lehigh University, Bethlehem, Pa. 
* Arthur Ruettgers, ‘Mass Concrete as Affected by Size of Aggregate and Related Factors,” 
Proceedings, Am. Concrete Inst., Vol. 30, p. 27 (1934). 
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in investigation was carried out at Lehigh University, the Bethlehem 
Steel Co. furnishing the material which was a product of the Sparrows 
Point Plant. In addition to the Johnson’s limit and tensile strength 
of the specimens, observations were 2!so made on the elongation in 
2 in. and the reduction of area of the fractured section. 

Special acknowledgment is due Mr. V. E. Ellstrom, Manager of 
Sales Engineering, Bethlehem Steel Co., for securing the steel for the 
investigation. 


EARLIER STUDIES BY BACH AND Moore 


A summary of Bach’s experimental results on the effect of size 
and shape of specimens is given in his textbook.' For the effect of 
the diameter of the test bar on strength, elongation, and reduction of 
area, he concluded that: 

1. The strength decreased slightly with the increase in diameter 
of the specimens. 

2. The elongation was independent of the diameter and gage 
length as long as the ratio between gage length and diameter remained 
constant. 

3. The reduction in area was independent of the diameter of the 
specimens. 

Experiments on circular, rectangular, and H-sections of nearly 
equal cross-section showed that the circular section gave the highest 
yield point value, the rectangular section gave an intermediate, and 
the H-section the lowest value. The same relationship also existed 
for the tensile strength, although to a lesser degree. 

On the whole, Professor Bach’s investigations indicated that the 
size and shape of specimens had sufficient influence on the results to 
warrant further experimental verifications. 

Professor H. F. Moore? summarizes much of the data available 
on the problem of effect of size and shape of test specimens of steel 
and also presents data not previously published. The most important 
conclusions of this study were “that there is no great difference in 
results between tests made on round specimens and tests made on 
flat specimens whose width is not more than four times the thickness.”’ 

“In general the test results showed no very marked advantage of 
one type of specimen over another, or any systematic difference in 
test results due to difference in ends or methods of gripping.” 

“All the test data indicated that the reduction of area at fracture 


is very slightly affected by the value of Va'/l for a specimen, and that 


1 C, Bach, “ Elastizitat und Festigkeit,” Fifth Edition, Julius Springer, Berlin (1905). 
2H. F. Moore, “Tension Tests of Steel with Test Specimens of Various Size and Form,” Pro- 
ceedings, Am. Soc. Testing Mats., Vol. XVIII, Part I, p. 403 (1918). Mie 45 tory 
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_ such variations as are shown are sometimes in one direction, and 
sometimes in the other.” 
“All the test data show that the effect of variation of V a’/l on 
the percentage of elongation is very pronounced.” 


— OUTLINE OF TEST 


__In order that the study be limited to the effect of size and shape 
of test specimens only upon the observed results, the steel plates used 
were taken from the same heat. The chemical analysis of the steel 
was reported as 0.15 per cent carbon, 0.48 manganese, 0.014 phos- 


l-in. Plate 


Scrap 


3-in. Plate Plate 


Fic. 1.—Lay-Out of Specimens from 1, } and }-in. Plates. 


phorus, and 0.028 sulfur. Three thicknesses of plate were used, 
namely, 1 in., } in., and } in. All the plates were 15 in. wide with 
sheared edges. The test specimens were machined from these plates 
in accordance with the plan shown in Fig. 1. The specimens varied 
in size from } by } in. to 1 by 4in. Bars with center portion turned 
down to }-in., 4-in., and 1-in. diameter were also included. Four 
inches of the center portion of all specimens were machined to the 
correct size. The elongation was measured on the 2-in. portion at 
the point of failure. Three specimens of each kind were used, making 
a total of 114 specimens for the 38 different conditions included in 
this investigation. A tabulation of the different specimens machined 
from each plate is shown in Fig. 1. For the {-in. plate all specimens 
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TABLE I.—RESULTS ON }-IN. THICK SPECIMENS. 
Each value is an average of three specimens. 
Ratio, Johnson's 
Size of Specimen, in. | “Timi | |tmit'to Tensile] Fongstion | Redietion Modulus of 
Ib. per sq. in. | Ib. per sq. in. per cent percent | lb. persq. in. 
per cent 
d Tatcxness, As 
| a ee 42 700 60 510 70.6 34 67 29 600 000 
ei om AS 39 840 58 960 67.7 31 65 29 545 000 
n 40 160 59 360 67.9 39 61 29 565 000 
GS. ee aa 39 400 59 090 66.7 43 60 29 560 000 
39 210 59510 65.9 45 56 29310000 
40 260 59 490 67.8 38 62 29510000 
De 36 730 59 470 61.7 31 67 29 435 000 
37 040 60 350 61.4 34 64 29555000 
ad NSS SEE 37 680 60 570 62.2 40 61 30 090 000 
36 980 60 910 60.7 42 59 29755000 
37 090 61 160 60.6 44 57 30065000 
)S- 37 100 60 490 61.3 38 62 29 790 000 
Trickwess Cur prom Rouiep 1-1n. 
31 280 59 760 52.4 30 65 28 475000 
25 250 58 850 43.0 36 63 29265000 
26 020 58 250 44.7 39 62 29530000 
TS. 26 000 58 160 44.7 41 57 29700000 
27 280 58 380 46.7 47 55 28 785 000 
axe 27 160 58 680 46.3 39 60 29 155 000 
Averace vor Aut Spectmens 
7 hs Sea: 36 890 59 910 61.6 32 66 29 180 000 
34050 59 390 57.4 34 64 29 450 000 
34 620 59 390 58.3 39 61 
34 130 59 390 57.4 42 59 29 670000 
34 530 59 680 57.7 45 56 29390000 
3-1n. As 
37 610 60 030 62.7 40 68 29 570 000 
Lo Sees ear 38 480 60 240 63.9 39 62 29 615 000 
| 36 920 59 680 61.9 42 64 30 045 000 
36 930 59 700 61.8 48 64 29 800 000 : 
36 760 59 780 61.5 50 61 30 155000 
36 810 60 020 61.3 52 59 29 585 000 
36 310 59 790 60.7 56 56 29295 000 
37 120 59 890 62.0 47 62 29 720 000 
4-1n. Taickness Cur rrom 1-1n. PLaTe 
29 900 58 290 51.2 43 65 29 330 000 
27 830 58 700 47.4 37 59 28 685 000 
Rea eerie. 27 650 58 050 47.6 41 61 29 300 000 
26 430 58 190 45.4 45 59 29 085 000 
26 750 58 570 45.6 46 57 30 055 000 
25 500 58 510 43.5 49 55 29 600 000 
sed, J, eBags ae: 28 080 57 890 48.5 53 52 28 690 000 
vith Average............0060. 27 450 58 310 47.0 45 58 29 245 000 
ates AveraGe ror ALL 4-1n, SPECIMENS 
< 33 760 59 160 57.0 42 67 29 450 000 
ried 33 160 59 470 55.7 38 61 29 150 000 
ned )) Seer Perr 32 290 58 870 54.8 42 63 29 670 000 
31 680 58 950 53.7 47 62 29 440 000 
‘our 59 180 53.6 48 59 30 100 000 
the Ie ks 31 160 59 270 52.5 51 57 29 590 000 
Lo Sere 32 200 58 840 54.6 55 54 28 990 000 
at 1-1x. Taickwess As 
king wv. 30 570 58 440 52.3 51 62 28 470 000 
d in 5 ee 30 420 59 190 51.3 42 54 29 150 000 
31 920 59 010 54.0 46 60 28 950 000 
ined 31 580 58 960 53.6 51 61 29 715 000 
nens 31500 58 100 54.2 55 62 29 600 000 
30 620 59 020 51.8 57 59 30 040 000 
31 430 58 910 53.4 62 58 29 465 000 
YS AEE nt 32 300 58 580 55.1 67 54 28 860 000 
31 800 56 770 56.0 71 50 28 715 000 
31350 58 550 53.5 56 58 29 220 000 
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had the full thickness of the plate. For the }-in. plate one group of 
specimens had the full thickness of the plate, while another group was 
machined down to the }-in. center portion of the plate. For the 
l-in. plate, full thicknesses, 4-in. center portion and }-in. center 
portion were used. 

All specimens were tested in screw-power machines at a speed of 
about 0.05 in. per min. up to the total load. Huggenberger 


Uitimate Strength | Ultimate Strength | | Ultimate Strength | | 
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__ 5-in. Thickness, 4/-in. Thickness, 
Rolled Plate as Rolled 


+ 


‘/-in. Thickness 
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g-in. Thick Rolled 
from |-in. Plate “ 


Cross- Section of Test Specimen, in. ¢ 
Fic. 2.—Effect of Size and Shape of Test Specimen on Strength Results. 
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Cross-Section of Test Specimen, in. 


Fic. 3.—Effect of Size and Shape of Test Specimen on Elongation and Reduction 
of Area. 


Tensometers with 1-in. gage length were used for deformation observa- 
tions on all of the specimens. These instruments remained on the 
specimens until an appreciable plastic flow had taken place. Since 
no drop of the beam took place on any of the specimens from the 
l-in. plate, the Johnson’s limit,' instead of the yield point, was used 
as the basis for comparison. 


1 The stress at which the rate of deformation is 50 per cent greater than “the initial rate of 
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of Test 


aS The average results of the three specimens for each condition — 
he are presented in Table I. A study of the effect of the size and shape 
et of test specimen on the Johnson’s limit and the tensile strength is 
given in Fig. 2 for each of the three }-in. plates, the two 4-in. plates 
of and the one 1-in. plate. The corresponding studies of elongation and 
pt reduction in area are presented in Fig. 3. The effect of the ratio 
between the two sides of the rectangular specimens both for Johnson’s 
limit and tensile strength was also plotted and found to be practically 
i negligible. Its effect upon the elongation and reduction of area is 
shown in Fig. 4. The effect of the thickness of the plate on Johnson’s 
limit and tensile strength and on the elongation and reduction of 
= a is given in Fig. 5. 
area is given in Fig 
Reduction of Area 
60 
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Flong@ tion 


Flongation 
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Elongation and Reduction of Area, per 
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Ratio, width to thickness 


Fic. 4.—Effect of Width-Thickness Ratio of Test Specimen on Elongation and 
Reduction of Area for Plates of Various Thicknesses. 


x4 
¢ A very high degree of uniformity was obtained in all of the 
specimens tested. Figure 2 shows that for rectangular cross-sections 
=" varying from } by } in. to } by 1 in. there was no consistent difference 
either in the Johnson’s limit or the tensile strength. However, the 
rva- circular }-in. bar showed a slightly higher Johnson’s limit than did 
the the }-in. rectangular sections taken from the } and 1-in. plates. 
‘ince Neither the 3-in. nor the 1-in. diameter bars gave results appreciably 
the different from the rectangular sections. For the }-in. and 1-in. thick 
used material, all specimens from each thickness gave very nearly the 


same Johnson’s limit and tensile strength. However, there is con- 
siderable difference for the Johnson’s limit for the different plates as 
rolled, as seen from Table I. The tensile strength showed only a 
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very slight variation between plates of different thickness as rolled. 
The shape of the test specimen did not affect either the Johnson limit 
or the tensile strength, although the ratio between the width and the 
thickness of the specimens varied from 0.25 to 4.0. 

The elongation in 2 in. and in the reduction of area were affected 
appreciably by the size of the test specimen as shown in Fig. 3. The 
elongation for the }-in. plates varied from an average of about 32 
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Fic. 5.—Effect of Thickness of Plate on Strength Results and Elongation and 
Reduction of Area. 


ans 
per cent for a }-in. diameter round specimen to about 45 per cent for 
a 4 by 1-in. rectangular specimen, the increase being uniform with 
the increase in size of specimen. For the }-in. thickness the elongation 
increased from about 38 per cent for a } by }-in. specimen to about 
55 per cent for a } by 2-in. specimen. For the 1-in. plate the elonga- 
tion varied from 42 per cent for a 1 by }-in. specimen to 71 per cent 
for a 1 by 4-in. specimen. Figure 4 shows how the average elongation 
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in 2 in. increased with the increase in ratio between width and thickness 
of the specimens. It should be kept in mind that the ratio between 
gage length and cross-sectional area varied greatly for these specimens. 
Figure 4 also shows that the elongation was larger for the }-in. material 
than for the }-in. material and larger for the 1-in. plate than for the 
}-in. thickness. This is due to the fact that each cross-sectional 
dimension of the specimen of a given width-thickness ratio was twice 
as large for the }-in. as for the }-in. material, and twice as large for the 
l-in. as for the 4-in. material. As shown in Fig. 4, the elongation in 
2 in. for the three thicknesses of plates as rolled was nearly the same 
when observed on the same size test specimen. Consequently the 
variation in elongation shown in Fig. 4 was due almost entirely to the 
difference in size of the specimens used. 

The reduction of area showed a uniform decrease with the increase 
in ratio between the sides of the rectangular sections and also with 
increase in size of the test specimen. Figure 3 shows that the reduction 
of area for }-in. material decreased from about 66 per cent for the 
j-in. diameter specimen to about 56 per cent for the } by 1-in. speci- 
men. For the }-in. material this decrease was from about 67 per cent 
for the }-in. diameter specimen to about 54 per cent for the $ by 2-in. 
specimen, and for the 1-in. plate from 62 per cent for the 1-in. diameter 
specimen to 50 per cent for the 1 by 4-in. specimen. From Fig. 4 
it is noted that when the ratio between the width and thickness 
increased from } to 1 there was an increase in the reduction of area, 
and when the ratio increased from 1 to 4 there was a uniform decrease 
in reduction of area. Thus the square section gave the greatest 
reduction of area for rectangular cross-sections. In general the 
circular specimens had reductions of area slightly greater than those 
for square sections. 

An illustration of the effect of the thickness of the rolled plate 
upon the strength results is shown in Fig. 5. Johnson’s limit showed 
a marked decrease with increase in thickness of the plate, due prin- 
cipally to the amount of rolling on the sections as a whole, rather than 
to the effect of the rolled surface. For the }-in. plate, the }-in. 
center portion had just about the same Johnson’s limit as did the full 
section. For the 1-in. plate, however, the 4-in. and }-in. center 
portions were about equal, but both were somewhat lower than was 
the full section. The tensile strength was only slightly affected by the 
thickness of the plate. 

The effect of the thickness of the rolled plate on the elongation 
and reduction in area is also shown. It is noted that for the same 
size test specimens there was no appreciable variation in the elongation 
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of the three plates. However, as previously pointed out, the size of 
the test specimen had a marked effect upon the elongation in 2 in. 


SUMMARY 


The most important results of this investigation may be sum- 
marized as follows: 
ae 1. The size and shape of the test specimen had practically no 
aa A a effect upon the observed Johnson’s limit or the tensile strength of 
the material. 
2. The elongation in 2 in. increased with the size of the test 
specimen. 
es 3. The reduction of area of the fractured section decreased with 
increase in the width-thickness ratio of the rectangular sections, but 
remained nearly constant for circular bars of different diameters. 

4. The ratio between Johnson’s limit ‘and tensile strength was 
nearly constant for the different sizes and shapes of test specimens, but 
showed a marked difference for different thickness of plate as rolled. 

5. The thickness of the plate as rolled had a marked effect upon 
the Johnson limit, but only slight effect upon the tensile strength. 

6. Only slight differences in results were obtained on specimens 
having the full thickness of the rolled plates and on specimens 
machined from the center portion of the plate. 

7. The results of this investigation substantiate those of previous 
studies which have shown that the observed strength properties are 
little, if any, affected by the size and shape of the test specimen, while 

a both elongation in 2 in. and reduction of area are affected appreciably. 
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to the authors of this paper for giving us additional data showing the cs 


DISCUSSION 


Mr. R. L. TemMpuin' (presented in written form).—We are indebted 


effects of size and shape of test specimen on the mechanical 0 pel 


of structural steel. As they have pointed out, their results sub- — 


stantiate those of previous similar studies, notably those by ol 
and Moore. It would appear that the results they have obtained 
might further be correlated with those presented before this societ 
by Nichols, Taylerson and Whetzel? and the writer.* Likewise there 
have been similar studies by a number of foreign investigators, notably 
Bertella.‘ 

The relationship between elongation on a fixed gage length, say 
2 in., and the total cross-sectional area of the specimen for some 
metals is shown in the accompanying Fig. 1. This relationship may _ 
be expressed by a modified form of Bertella’s equation as follows: oo 


e = KA* 


where e = per cent of elongation in 2 in., 
A =the cross-sectional area of the reduced portion of the 
specimen, and 
K and = constants. 


The data so far available would indicate that the value of the con- 
stant m is in the neighborhood of 0.1 for properly annealed wrought 
metal. The value of this constant increases with strain hardening 
or cold working, as may be seen by comparing the curves for annealed 
and hard-rolled pure aluminum. 

The results given by the authors of this paper have also been 
plotted in Fig. 1 in comparison with those for mild steel obtained by 
Gordon and Beare.’ The value of m obtained from their results is 
somewhat greater than 1, suggesting that the structural steel which 
they used in their experiment possessed a small amount of strain 


hardening. 
wee 
1 Chief Engineer of Tests, Aluminum Company of America, New Kensington, Pa. Ay at. 54 


2J. T. Nichols, E. S. Taylerson and J. C. Whetzel, “Tension Test Specimens for Sheet Steel,” 
Proceedings, Am. Soc. Testing Mats., Vol. 27, Part II, p. 259 (1927). 

sR. L. Templin, “Effects of Size and Shape of Test Specimen on the Tensile Properties of Sheet 
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Mr. R. L. Kenyon.'—Supplementing Mr. Templin’s remarks, I 
wish to point out that the data presented by the authors can be inter- 
preted in a slightly different way by computing the so-called “‘slender- 
ness ratio” for the various shaped specimens. This is determined by 
dividing the gage length by the square root of the cross-sectional 
area. The percentage of elongation has been found? to be practically 
the same for tension test specimens of; different proportions providing 
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_ the slenderness ratio is constant. This was shown particularly well 
in some tests reported by Mr. R. L. Templin.’ In view of these 
considerations it would seem advisable to consider the relationship 
between the slenderness ratios and the elongation values given in this 


paper. 


1 Supervising Research Engineer, The American Rolling Mill Co., Middletown, Ohio. 
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In order to show that this relationship is more significant than 
that of elongation versus ratio of width to thickness, which the authors 
have done in their Fig. 4, I have tabulated the slenderness ratios and 
elongation values for several specimens reported in Table I of the 


et ‘Ratio or SLENDERNESS ELONGATION IN 
DIMENSIONS OF RATIO, 2 IN., 
SPECIMEN, IN. w/t L/VA PER CENT 


These computations show that the elongation bears no relation to 
the proportions of the test specimen, but does vary with the value of oes - 
L/\/A. The data check the latter relationship so well that it must — 
be concluded that the authors have conducted their tests with con- 
siderable care as to uniformity of materialand preparation of ool 

Mr. I. F. Morrison! (by letter).—In studies of this kind, where 
the influence of one factor is sought, all other factors should be main- 
tained constant, or as nearly so as possible, or their influence should be 
taken into account and eliminated in the process of interpretation of 


the results. Unfortunately, there is no indication in the paper that _ iss 4 


complete precaution was taken against disturbing influences. The 
material in question was hot-rolled steel of low-carbon content. The 
chemical analysis given is presumably the ladle analysis. The writer 
has found by experience that this is not always accurate enough 
where careful investigations are in hand. In addition, there is no 
information given as regards grain size of the material for each of the 
three thicknesses of plate and for the bars. It seems to the writer that 
this is a highly important matter for although grain size may have 
little effect on the ultimate strength—within limits of course—it can 
have a very appreciable effect on the Johnson’s limit. ‘This is a 
possible explanation of the rather wide range of values for the John- 
son’s limit for the various plate thicknesses. The thinner plates are 
apt to be finished at a lower temperature, which would, if the tempera- 
tures were all above the critical range, tend to leave that material 
with a finer grain structure which in turn would give a higher Johnson’s 
limit. It is to be regretted that photomicrographs of the material 
are not included in the paper. 

Furthermore, if, before the finishing pass through the rolls, the 


1 Professor of Applied Mechanics, University of Alberta, Edmonton, Alta., Canada. FS ee | 
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temperature has dropped into or below the critical range the mate- 
rial will likely possess internal stresses which, especially at low loads, 
- influence very markedly the extensometer readings and affect the 
determination of the modulus of elasticity. Machining may produce 
some internal stress and nearly always leaves badly distorted grains 
near the surface. Such distorted and even ruptured grains are 
especially apt to be present at the corners of rectangular specimens. 
These can be removed by care and the production of a fine surface 
finish. Preferably, specimens should be carefully annealed. There is 
nothing in the paper on the surface finish or heat treatment of the 
specimens. Nor do the authors indicate how they have dealt with 
these matters. 

It would be interesting to know also of the location of the extensom- 
eters on the rectangular pieces, that is, were they on the edge or 
on the wide face or on both? Furthermore, additional information 
concerning the depth of shoulder and the shape of the transition from 
the end portion and the central portion would seem desirable, especially 
for the larger specimens. These items are capable of producing a 
difference in the observed modulus of elasticity. 

. From Fig. 4 of the paper it is quite evident that the elongation 

in 2 in. increases with the width-thickness ratio, and with the size of 
the specimen. This conclusion, however, is to be expected because in 
each case for the wider and the larger specimen there is a larger volume 
involved in the plastic deformation of the material. These results 
are in accord with Barba’s law of similarity, which means that the 
gage-length should be varied with the square root of the cross-sectional 
area. The writer feels that these tests would have been of greater 
value had this law of similarity been observed. There could then have 
been a direct comparison with Barba’s work and the effect of width 
apart from size could have been observed. 

The most general conclusion one can draw from these tests con- 
cerning the elongation is that it is meaningless unless determined 
from a standard specimen and that the results are of comparative 
value only. There is, strictly speaking, no intrinsic physical property 
of the material itself expressed by the “elongation.” It is evident 
that the round specimen is to be preferred as a standard. 

In regard to the reduction of area, the results are again in accord 
with what would be expected of the influence of shape on it. After 
necking starts, a three-dimensional stress condition arises. With 
circular sections, the lateral stresses are theoretically equal, whereas 
with rectangular sections they are not. For this reason, the shearing 
stresses on planes at 45 deg. to the specimen axis are unequal and, 
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furthermore, as necking develops, the areas over which these shearing 
stresses are distributed are no longer equal. From this it is easy to 


cross-section as indicated by the results of the tests. 

In the reduction of area graph, Fig. 4 of the paper, the points at 
width-thickness ratio } should agree with that at 4 and at 3 with that — 
at 2. The agreement is evident from the figure. There is thus e : 
effect of size of specimen present as suggested in conclusion 7 of the — 
paper. On the other hand, the effect of size is shown on the elongation _ 
graphs. 

It is apparent from these results that with a larger celia 
ratio, plastic flow is not permitted to take place for as long a time 
as for a smaller ratio. In other words, the tear resistance is overcome ~ 
sooner for a larger width-thickness, thus putting an earlier end to the 
slip-flow process which results in a smaller reduction of area. 

Messrs. INGE LysE! anp C. C. Keyser! (authors’ closure by 
letter).—The authors appreciate very much the additional information 
regarding the effect of size and shape of test specimens contributed 
by the discussions of Messrs. Templin and Kenyon. Particularly 
valuable are the data contained in Fig. 1 of Mr. Templin’s discussion, 
as this diagram gives an excellent illustration of the behavior of widely 
different materials. Mr. Kenyon has illustrated in tabular form what 
was illustrated graphically i in Figs. 4 and 5, namely, that the size or 
area of the specimen was important for the measured elongation in 
2 in. 

Unfortunately, the authors were limited to the control possible 
in present-day steel manufacturing practice and therefore could not 
eliminate those disturbing influences mentioned by Mr. Morrison. 
The three steel plates used in the investigation came from the same 
heat and the given analysis represents this heat. The machining of 
the test specimens was done very carefully. No annealing or special 
surface treatment was given. The extensometers were located at the 
centers of the narrow faces in all rectangular specimens and all speci- 
mens had a }-in. shoulder at the end of the machined central portion. 
Unfortunately the laboratory had no apparatus available for taking 
photomicrographs of the material in the plates used. Messrs. Templin 
and Kenyon answer very well the question concerning the elongation 
in 2 in. for specimens of various shapes. Mr. Morrison correctly 
points out that there is no appreciable effect of size of specimen on 
reduction in area provided the shape of the cross-section remains 
the same (see Fig. 5). 


1 Research Associate Professor of Engineering Materials, and Laboratory Assistant in Civil 
Engineering, respectively, Lehigh University, Bethlehem, Pa, 


. 
| 
te- 
he ld rmation will ~ | 
ice 
i 
ire 
ice 
he 
ith — 
aS 
m- 
or 
ion 
ly 
ion Hi 
{ 
of 
in 
the 
nal 
iter 
ave a 
dth a | 
ned 
. a 
‘ive 
rty 
ent 
ord 3 
fter 
ith 
eas 
‘ing 
nd, 


CONCERNING THE EFFECT OF NOTCHES AND LAWS 
OF SIMILITUDE IN MATERIAL TESTING | 


BY A. Napa’ anp C. W. MacGrecor' 
SYNOPSIS 

In a number of recent investigations on the various effects of stress con- 
centration produced by notches, size effects and other discrepancies have been 
_ observed. Some of these cases are briefly analyzed and an attempt is made 
- to include in the comparison factors such as the speed of deformation, geomet- 
rical and mechanical similitude. 

A few tests made with notched bars of steel and aluminum, in which the 
influence of the speed of plastic deformations was considered, and photoelastic 
_ tests with notched bars are reported. « 


One of the principal aims in testing materials is to derive the 
physical quantities determining their properties independent of all 

- non-essential factors, such as, for example, the geometrical dimen- 
_ sions of the test objects. When comparing, therefore, the behavior 
_ of two pieces of the same material or of different materials having 


_ geometrically similar shapes and loaded by similarly acting forces, 


the question immediately arises how to define these strength prop- 
erties so they will be given independently of the size of the test speci- 
mens or of other non-essential circumstances. 

It will perhaps be useful to review first very briefly some known 
facts concerning the similitude of two pieces of a perfectly elastic 
material, with the view that the known circumstances in this simplest 


‘i | of all cases will indicate how similar relations may be discussed best 


in the more complicated cases encountered when plastic deformations 
or static rapture conditions, notch effects, etc., must be compared. 
For an elastic material, the components of stress are linear 
functions of the components of strain. Mechanical similitude in two 
geometrically similar bodies of the same (elastic) material subjected 
to similarly applied external loads in equilibrium exists when in them 
the states of stress (or of strain) at corresponding points are propor- 
tional to each other. Thus if s;, s2, ss are the principal stresses in a 


1 Consulting Engineer, and Research Engineer, respectively, Westinghouse Electric and Manu- 
facturing Co., East Pittsburgh, Pa. ; 
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point x, y, z in one of the two bodies and sy’, so’, ss’ are those in the 
corresponding point x’, y’, z’ in the other body, then 

/ 
,% 


Si Se 53 


In the absence of body forces (such as gravity, inertia forces, etc.) 
the external forces or the corresponding loads must be made equal to 


where = = = 


A necessary, but sometimes not sufficient condition of similitude is 
also: the three initially perpendicular systems of curves which deter- 
mine the directions of the principal stresses 51, 52, 5; (or of the principal 
strains €:, €:, €;) in a point (x, y, z) in the interior or at the surface of 
one of the two bodies and which serve to describe the state of stress 
(or of strain) must be geometrically similar to the corresponding 
system of curves of the second body; the principal stress- (or strain-) 
trajectories in both bodies under stress must thus be geometrically similar. 
This last method of expressing the mechanical similitude of two 
states of stress has perhaps the advantage that it visualizes more 
geometrically the relation of two states of stress. Generalization of 
the rule refers to such cases in which the two elastic bodies are of 
geometrically similar shape; however, the materials are different. 
If Poisson’s ratio v’ = v for both bodies and only the elastic moduli 
differ (Z’ + E), the case is included in the former statement. If, 
however, v’ + vy and E’ + E, establishment of perfect mechanical 
similitude between the states of stress in two geometrically similar 
bodies loaded in a similar manner may or may not always be possible." 
The presence of gravity forces adds a new condition. This is impor- 
tant to mention because it is a case where body forces are present. 
In the testing of materials probably one of the most important ex- 
amples of this kind is the impact test. Due to the inertia forces, for 
example in transverse impact tests, or due to different elasticities 
of the supports, it may not even be possible to establish mechanical 
similarity in two similar cases of even perfectly elastic materials. 
It becomes therefore more difficult to find or to satisfy similarity 
relations if plastic impact has to be considered.” 


‘ The details cannot be explained here; it should suffice to mention two examples: (1) a photo- 
elastic bar of bakelite having holes or notches may be a model of a similar steel bar provided the re- 
sultant of the external forces acting along each of the boundaries is zero; (2) if a flat bar is stretched 
by two pins fitting into two neighboring holes, a bakelite model may not strictly be a model of the 
similar case of a steel bar. 

2 Similar questions of practical importance have been the subject of extended investigations in 
connection with the design of rubber arch dam models. See A. V. Karpov and R. L. Templin, “* Build- 


ing and Testing an Arch Dam Model,” Civil Engineering, January, 1932, pp. 11-16. hi _ = 
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A discussion of the condit:ons of mechanical similitude may in a 
similar way be approached when in the stressed bodies permanent 
deformations are produced. It will be necessary to distinguish 
among various types of permanent or plastic strains as they may 
occur in metallic materials. Only metallic materials are considered. 


Perfectly Plastic Material: 
Under certain restrictions it may suffice to assume that: (1) The 


_ yield stresses under which a material starts to deform permanently 


are independent of the strains and in particular of the velocities with 
which the material is stretched. (2) In many cases the elastic parts 
of the strains can be neglected when comparing them with the perma- 
nent parts. Under these circumstances, the behavior of the material 
can be described by six linear stress-strain equations in which, however, 
one of the two material constants is now left indefinite. A condition 


_ of plasticity connecting the three principal stresses 51, se, Ss such as, 


for example 
(Si — S2)* + (S2 — 53)? + (Ss — 51)? = 2s,? 


(where s, equals yield stress in pure tension) furnishes the missing 
additional condition. From this last equation-it follows now that in 
two geometrically similar bodies, when both yield, the stresses in 
corresponding points must either be equal or they may differ by an 
additive quantity. The strains may, however, differ by a constant 
factor in corresponding points. Unlike the case of an elastic material, 
the external loads required to maintain the yielding are strictly 
proportional to the square of the ratio of the linear dimensions (or 
they may differ by an additive uniform hydrostatic pressure distributed 
over the boundary of the body), 


The same rule applies so far as the stresses and external loads 

are concerned in first approximation when the yield stresses under 
which the plastic deformations (strains) are produced, gradually 
increase with these latter, that is, in those cases in which metals show 
strain-hardening. The elastic strains may be included in the total 
strains. To maintain in two geometrically similar bodies of the same 
material similar states of plastic strain requires that they be deformed 
under equal stresses (in corresponding points). This is known as the 
“law of proportionality” by F. Kick! or J. Barba.2. The law implic- 
1 FP. Kick, “Das Gesetz der proportionalen Widerstande and seine Anwendung,” Leipzig (1385). 


J. Barba, “‘Resistance des materiaux, etc.,"" Memoirs, Société des Ingenieurs Civils, Part I, 
682 (1880). 
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itly assumes that the velocity of strain has no appreciable effect on 
the yield stresses. It must, however, be added that both bodies 
must pass through the same succession of intermediate states of 
stress while under loading or unloading conditions; otherwise they 
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Fic. 1.—Tension Tests with Mild Steel Showing the Effect of “3 Speed of pouiasie c 
(Tests by H. Deutler). 
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Fic. 2.—Tension Tests with Copper Showing the Effect of the Speed of Stretching 
(Tests by H. Brinkmann). 


will not reach the same final states of strain. Two round bars of the 
same metal, for example, will not be in the same final states of strain 
if one is twisted by a couple and unloaded, the other after having 
passed through the same two operations in addition is twisted in the 
opposite sense to some extent and subsequently again unloaded. rhe 
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Effect of the Speed of Deformation: 
The preceding cases referred to materials which have a definite 
stress-strain diagram in tension, compression or shear, such as 


Metallic materials, particularly those having lower melting points, 
are known to show at normal temperatures more or less pronounced 
effects of the speed of deformation. The yield stress s under which a 
certain plastic strain € was produced depends also on the rate with 
which the test bar is stretched or with which the plastic strain « 
changes with time t, that is, on 


tests, seems fairly well established, at least at comparatively low 
testing temperatures. Figure 1 shows the test results for mild steel 
obtained by H. Deutler' and Fig. 2 those for copper obtained by 
H. Brinkmann? in tension tests. These and previous tests by 
P. Ludwik led to the logarithmical speed law: 


where 5;, Sg, 2; are constants. It was found valid in a wide range of 
velocities from a slow tension test lasting an hour up to the rates of 
fast impact tests in which a bar is stretched in fractions of a second.’ 
According to Figs. 1 and 2, an increase of the rate of flow by a 
given factor will add a certain increase to the yield stress; when the 
rate of flow » is increased ten times the yield stress will become 2 to 
4 per cent larger for.steel and 3.7 per cent larger for copper.‘ - ' 


Similitude with Regard to Speed of Deformation: 
It is clear, particularly for speed-sensitive materials, that an 


additional condition has to be considered. Compare, for example, 
two bars of the same material of geometrically similar shape such as 


1H. Deutler, “‘Experimentelle Untersuchungen fiber die Abhangigkeit der Zugspannungen von 
der Verformungsgeschwindigkeit,” Physikalische Zeitschrift, Vol. 33, pp. 247-259 (1932). 

2 “Zerreissversuche mit hohen Geschwindigkeiten,” Dissertation, Technische Hochschule Hann- 
over, 1933. 

* Equation 5 evidently fails for » = 0 and cannot be valid for extremely slow rates of flow, which 
latter, however, at sufficiently low temperatures have no great practical significance. 

4 These figures show that for steel or copper under ordinary speeds of stretching such as are realized 
in testing machines, the effect of speed on the yield stresses is not very appreciable. However, the 
yield stresses observed in fast tensile impact tests may be found 10 to 20 per cent higher than in slow 
tests. 

The conditions for mechanical similarity under impact speeds require, as mentioned, further care- 
ful considerations which cannot be included in these short remarks. It should be noted, particularly 
when transverse impact has to be considered, that the inertia forces due to rapid bending introduce new 
conditions which have to be satisfied. 
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one or the other shown in Fig. 3 (a) or (6). They will have to be 
stretched so that at a given time / the same strains e’ = ¢€ are reached 
with the same rates of strain v’ = v under the same stresses s’ = s. 
Thus, if their respective lengths, cross-sections and loads are J, A, P 
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(a) 60-deg. V-Notched Bars. — (6) Semicircular-Notched Bars. 
1G. 3.—Mild Steel Tension Test Specimens Used in Size Effect Tests. 


and J’, A’, P’ then the loads P and P’ at the same time ¢ have to be 

made equal to P respectively P’ = P = 


where m = /’:1. Evidently the heads of the bar of larger dimension 
have to be moved faster in proportion to the size than those of the 
bar of smaller dimensions, and the load required to maintain this 
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increased speed of the heads of the machine must be x? times larger 
at given time intervals. The ultimate strength will then be reached 
in both bars at the same time. As ordinarily small test specimens 
are tested faster than larger ones, this effect may become sensible 
in extreme cases of speed-sensitive materials. 
NoTcHED Bars 

Phe Among the numerous tests more recently carried out in the 
various countries with notched bars in tension, W. Kuntze’ particu- 
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Fic. 5.—Tensile Strength of Geometrically Similar Notched Steel Bars. aiuiiiiee 


to tests by W. Kuntze, K = 0.5. 


larly called attention to a pronounced size effect in such tests. He 
found that the ultimate strength of round bars of steel having a 
single and very sharp V notch (Fig. 4) in the middle of their gage 
lengths, in certain cases was considerably greater for quite small test 
specimens than for the larger ones, the bars having geometrically 
similar shapes, including the notch and the same notch factor: 


k = d? d; 
where d, = bar diameter, and ' 


d, = smallest diameter in notch. 


1See W. Kuntze, “ Kohasionsfestigkeit,"" Mitteilungen der deutschen Material-prifungsanstalten, 
Sonderheft 20, p. 13, Fig. 12, Julius Springer, Berlin (1932); also several articles in Zeitschrift far 
Physik, Vol. 72, pp. 32-33 (1931). 
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Fic. 4.—Type of Test Specimen Used by W. Kuntze. 
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He says, ‘‘The strength of notched test pieces does not always follow 
the rules of similitude, a fact which is of importance.’” 

The elastic stress concentration factors of flat or of round bars 
having a certain shape of notch have more recently been carefully 
computed and exactly determined. According to H. Neuber,’ the 
maximum stress S,,,, at the bottom of the neck of a notch, the profile of 
which is given by the two branches of an ordinary hyperbola is 
approximately given by the expressions: 


Smax = 1.3 pV a/p (when p<10a) 


where # is the average tension (load divided by the area in the neck 
of the notch), p the radius of curvature at the apex of the hyperbola 
and a the distance OA in Fig. 6. Using the second of these two 
formulas we find: 


when d, = 1.8 mm., @:p = 9, Smax = 3p + 

and when d; = 6 mm., @:p = 30, Smax = 5.5 
that is, in the case of k = 0.5 and the bar tested by Kuntze with the 
smallest neck diameter d, = 1.8 mm., half the stress concentration 
as in the case of a bar withd, = 6mm. It must therefore be remarked 
that Kuntze’s belief that his notched test bars were geometrically 
similar was probably not quite warranted. The sharp necks of these 
bars were most probably all cut with the same tool (having the same 
p for large and for small rod diameters). The larger bars were worse 
off than the ones with such extremely small diameters as d,; = 1.8 mm. 

To check these conditions, two photoelastic tests are shown here 
in Figs. 7 and 8, which were recently made by Mr. W. O. Richmond 
at the Westinghouse Research Laboratories. They were made with 
two bakelite flat bars, into which a notch had been cut with a depth 
equal to one-fourth of its width and an angle of 90 deg. The fillet 


1 Quoted from: “‘Plastizitat und Festigkeit bei Einkerlungen” Zeitschrift far Physik, Vol. 74, 
p. 51 (1932). 

An example of Kuntze’s test results is reproduced here in Fig. 5 in which the breaking stresses 
(eomputed with reference to the original cross-section in the neck of the notch md2:*:4) are plotted for 
the various bar sizes, all bars in Fig. 6 having the same notch factor k = 0.5. The smallest bar diame- 
ters d3 are given in millimeters. The notches were cut with extreme care, with a very sharp tool and 
had “sharp” corners as indicated in Fig. 4. According to these tests his bars of dz: = 1.8 mm. diame- 
ter in the notches would be nearly 50 per cent stronger than those with dz: = 6 mm. or still larger notch 
diameters. No “size effect” was found for k = 1 (bar without a notch) and also for the case when 
k approaches zero, that is for very deep V notches. The size effect was the most pronounced when 
k = 0.5 and for only d:<6 mm. It is believed that his results were perhaps more influenced than he 
probably realized or assumed by a certain lack of geometrical similarity. Since it is physically im- 
possible to produce a sharp re-entrant corner, the notch must have had a somewhat rounded corner 
with a certain finite fillet. Assuming the extremely sharp fillet radius of p = 0.1 mm., which probably 
was scarcely reached and a = d;/2 = 0.9 mm., this would make for the smallest bar the ratio of notch 
radius to fillet radius a: p = 9 while for the bar with a notch radius a = 3 mm. this ratio would be 
a:p = 30. 

2 H. Neuber, “ Elastisch-strenge Lésungen zur Kerbwirkung bei Scheiben und Umdrehungskérper,” 
Zeitschrift far angewandie Mathematik und Mechanik, No. 6, p. 422 (1933). 
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radius p was the same for boih test specimens, while the total width 
was respectively 2 in. (Fig. 7) and 13 in. (Fig. 8). The order of the 
fringes indicate a stress concentration of about 8 for the smaller and 
about 10 for the larger width, thus showing the effect in the sense as 
suspected. With sharper corners the effect would have been more 
pronounced. 

It is perhaps instructive to note another interesting and important 
result of the analysis by Neuber, namely, in the case of round tension 
bars with hyperbolic profiles with extremely sharp corners the stress 
distribution in the smallest cross-section is almost uniform with 
exception of a region in the closest neighborhood of the sharp, but 
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Fic. 6.—Tension Specimen with Notch of Hyperbolic Profil le. 
Neuber, P = 
ra 

rounded corners, where the axial stress increases to extremely high 
values. The stress distribution in the central portion can be described 
by stating that it consists of an approximately uniform axial tensile 
stress s, and a ‘ateral uniform second tensile stress s, not much different 
from s; (se < s;). The central portions of the neck are, so to say, 
subjected to nearly equal tensile stresses in all directions. Yielding 
therefore will occur only at the corners, but due to the extreme stress 
concentrations these will not be able to protect the material from a 
very early failure or crack in tension. For deep notches the stresses 
producing rupture will become fairly independent of the bar 
diameter d;. Their effect will be to hinder the lateral contraction of 

1 It must be remarked that the bar profiles tested by Kuntze approach four inclined lines, which 
intersect at the bottom points of the notch while the asymptotes of the hyperbolic profile of Neuber 


intersect at the bar axis. Both cases are therefore somewhat different cases; it is believed, however, © 
that the distributions of stress are not materially different in these two cases. ; 
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factor 10. 


Bakelite Tested in Tension. 


Width of bar, 1} in., fillet radius, jg in., and stress concentration 


Fic. 8.—Photoelastic Test with Notched Flat Bar of 


centration factor 8. 


Bar of Bakelite Tested in Tension. 


Fic. 7.—Photoelastic Test with Notched Flat 
Width of bar, 3 in., fillet radius, 7g in., and stress cone 
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the material in the neck so that at the instant of rupture the smallest 
cross-section will not show contraction. 


YIELDING TESTS WITH STRESS CONCENTRATION AT VARIOUS SPEEDS 
Al oF LOADING 


Bo To produce similar conditions in two bars of different size but 
geometrically similar shape it was stated above that the load on the 
larger piece must increase so that it is m* times as large as the load 
which acts on the smaller piece at the same times /, being the ratio 
of linear dimensions. This was tested out on two sets of bars of mild | 
steel and aluminum. 


Steel: 


Eight round bars having a shape such as shown in Fig. 3 (0) 
containing a semicircular notch and four round bars with a 60-deg. 
V notch with a rounded corner (Fig. 3 (a)) of various sizes but other- 
wise of strictly geometrically similar shapes were tested in tension 
till rupture. The smaller test specimens were supported near the 
notch in turning on the lathe and were not turned between centers. 
The radii of the notches were strictly proportional to the diameters. 
Sizes were controlled by means of a Zeiss comparator. All bars were 
annealed at 900 C. for one hour before machining. Table I, containing 
the test results, shows that although the linear dimensions of the 
bars varied as 8 to 1, no size effect could be detected for the ultimate 
strengths. In these tests, the ratio k = -d;?:d,? = 0.5 was the same 
for which Kuntze found the maximum size effect. The smallest test 
specimen had a notch diameter of 0.0883 in. (=2.3 mm.) comparable 
with the smallest size of bars tested by Kuntze. 


Aluminum: 


Some additional tension tests were made with flat pieces cut from 
hard aluminum sheet in the state of delivery of this metal. The 
dimensions of the largest bar were in the gage length 13 in. by 0.162 
in. (group A). The central portion of 3 in. length was reduced to 
0.125 in. thickness and contained a V type notch of 60 deg. with a 
rounded corner (fillet 0.0625 in.) and a width in the neck of 3 in., the 
notch factor being again k = 0.5. Three additional bars were tested 
with all dimensions in the central portion reduced to 3, 4 and 3 of the 
above dimensions. Group B contained four bars of the same size 
as A, the depth of the V notch, however, being varied. The fillet 
radius p was left unchanged. Table II contains the results. Again 
no size effect was found for bars A, although the sizes varied as 6:1. 
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The smallest test specimen broke prematurely. As the notch depth 
increased (bars B) the ultimate strength increased slightly in accord- 


TABLE I.—TENSION TESTS WITH NoTcHED Rounp Bars oF MILD STEEL.* 
EDS 
Sizes shown in Fig. 3 (a) and (6). 


but Test Specim | | Groove st speat Strength, 
en of 5izes a 
the of Bars in," | Noteh, in, |» 0eding | Ib. per sq. in. 
oad Groop A, Semicrrcutar Norcs (Fie. 4) 
tio 
8 0.707 0.125 3100 74 300 
8 0.707 0.125 3100 74 000 
4 0.353 0.0625 762 72 900 
‘ty 1 0.0883 0.0156 48.4 75 900 
(b) 1 0.0883 0.0156 48.4 76 900 
leg. 
hi Grovr B, V-Norca (Fie. 3) 
sion 4 0.3535 0.040 763 76 800 
ers. 
ers ® For all test specimens in this table the notch factor was the same: K = 0.5. 
vere 
1ing TABLE II.—TENSION TESTs wiTH NoTCHED FLAT Bars or HARD ROLLED 
the ALUMINUM. 
nate : Distance Average 
Ratio Tensile 
. Across Bar | Speed of 
Test Specimen of Sizes 
ame Between 
able Group A 
2A ‘ 0.4908 136.8 19 480 
from Group B 
The Depth of 
).162 Notch 
d to 0.1237 112.5 21 200 
ith a 
, the 0.7513 122.3 19 300 
ested 
f the 4 
, ance with observations of this kind by Kuntze and others, and the 
$ize 
filet fact that geometrical similarity in the series B was not preserved. 
rr Before closing it should at least be mentioned that in certain 


may be disturbed by what may be called a » 4, 
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cases similarity relations 
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surface effect. This phenomenon has been left out entirely from 
consideration in this discussion. Cast-iron pieces having a hard 
surface, porous materials, metallic pieces the surfaces of which have 
been altered (for example by rolling as it is done to improve the 
fatigue strengths), the presence of surface tension as demonstrated in 
amorphous materials in its influence on the breaking strength, the 
effect of a gradual disintegration of the structure due to continuous 
alternating stress (fatigue) and a subsequent change of the material 
constants in surface layers, and finally the questions related to fatigue 
strength need further consideration. 


SUMMARY 
ha “i < Beginning with purely elastic materials, a few of the simplest 
sa cases of plastic deformations were reviewed with the intention of 
comparing the conditions under which similarity relations hold for 
test specimens of geometrically similar proportions. The effect of 
the speed of deformation for ductile metals and finally the strength of 
notched bars of ductile metals is discussed and some tests with notched 
steel and aluminum bars reported. These latter did not initicate a 
size effect such as has been suspected by other investigators. Tei 
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EFFECT OF THICKNESS ON THE ACCURACY OF 


ROCKWELL HARDNESS TESTS ON THIN SHEETS 


SYNOPSIS 
The wide use « of the Rockwell hardness test on sheet and strip ‘iia 
makes it highly desirable to know the limitations within which the results are 
satisfactorily accurate. There are several variables concerned with a complete 
study of this problem, but this paper deals only with the effect of thickness. 
This investigation has been carried out on two types of surfaces, polished rg 
and etched. Sample preparation is of utmost importance, for the material 
must be uniform in composition, structure, and surface condition and vary 
only in thickness. Low-carbon killed steel sheets free from segregation were cre. 
7 found to be very satisfactory. They were annealed and etched to the desired ace 4 
thickness, then polished according to metallographic polishing technique. For i. 
] the etched specimens, 0.0005 in. was then etched from each surface. 

Hardness tests made on polished specimens show, in general, a constant 
value with decreasing thickness until a certain thickness is reached at which a 
bulge appears on the under surface and a lower hardness reading is obtained. 
This gives a series of limiting values for material of varying hardness. It is 
difficult to detect the first appearance of a bulge on the etched specimens, but 
the thickness limit in this case can be taken at the point where the Rockwell 
reading deviates a definite amount—say, two Rockwell numbers from the 
hardness of the material. 

This same criterion can also be used as a practical limit on polished speci- 
mens. The obvious method of securing accurate readings on thinner speci- 
mens is to use a lighter load. 


A tentative procedure for determining the R Rockwell hardness of 
metallic materials has been published by the Society’, but there are 
several variables in the Rockwell hardness test which must yet be 
evaluated. Some of these variables are: thickness of specimen, 
smoothness of surface, lubrication of surface and ball, flatness of 
anvil, hardness of anvil, and roughness of ball. The present study 
was undertaken to throw more iight on the use of this test on sheet 
and strip materials, especially in so far as thickness of specimen is 
concerned. The tests reported here were preliminary to the appoint- 


1 Supervising Research Engineer, The American Rolling Mill Co., Middletown, Ohio. 

2 Tentative Methods of Rockwell Hardness Testing of Metallic Materials (E 18-33 T), Pro- 
ceedings, Am. Soc. Testing Mats., Vol. 33, Part I, p. 967 (1933); also 1933 Book of A.S.T.M. Ten- “4 
tative Standards, p. 1001. Nw 
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ment of a subcommittee on this subject! and deal with ferrous mate- 

rials. This subcommittee plans to extend this work to cover all 

commercial sheet metals. 
PREPARATION OF SPECIMENS bes te 

In order to study the effect of thickness on the Rockwell k hardness 
readings on thin sheet metal, it is necessary first of all to obtain 
specimens of identical hardness but of different thickness. This 
cannot be done by cold rolling to a series of thicknesses and then 
annealing the specimens, even though the heat treatment succeeds in 
producing specimens of uniform tensile strength, since Petrenko* has 
shown that materials of the same strength may differ as much as 10 
Rockwell numbers in hardness. Preparation of tapered specimens by 
machining may cause a variation in hardness due to cold working by 
the cutting tool. The proportion of the total thickness which is cold 
worked in this manner is greater on the thinner portions of the speci- 
mens and, therefore, affects the results. These considerations led to 
the development of a special technique for preparing the test speci- 
mens. The method finally adopted was to use only material of 
uniform composition throughout the entire thickness. Low-carbon 
killed steel serves this purpose admirably. Sheets of the maximum 
desired thickness were then heat treated to obtain uniform grain 
structure and hardness over their surface* and throughout their 
thickness. 

Specimens were prepared by etching pieces } by 4 in. in hot 1:1 
hydrochloric acid until they were of the desired thickness, varying 
from about 0.010 in. to 0.050 in. or more by steps of approximately 
0.005 in. While this etching caused no deep pits, it was necessary to 
polish the etched surfaces. Both top and bottom of each specimen 
were polished by hand with 000 emery cloth then 0, 00, and 000 Huber 
paper, wrapped over a flat file to polish evenly and avoid rounding 
the edges. X-ray examination of the surface with a glancing (10 deg.) 
beam‘ showed that the degree of cold working caused by the polishing 
was probably not more than that produced by cold rolling similar 


1 Subcommittee on Effect of Thickness of Specimen on Rockwell Hardness Tests on Sheets and 
Strips (R. L. Kenyon, chairman) of Section on Thin Sheet Testing of Committee E-1. The chair- 
man invites correspondence on this subject. 

2S. N. Petrenko, “Relationship Between Rockwell and Brinell Numbers,’ National Bureau of 
Standards Research Paper No. 185, Vol. 5, July, 1930. 

* In order to test the uniformity over the surface, about 20 pieces } by 4 in. were cut in succession 
and numbered consecutively. Five Rockwell impressions were made on the alternate pieces. When 
the averages of these all fell within the limits ¥ + 3 oz, the material was considered to be uniform. For 
details, see W. A. Shewhart, “Economic Control of Quality of Manufactured Product,” D. Van Nos- 
trand Co., Inc., New York City (1931). The test specimens were prepared from the alternate pieces. 

4L, Thomassen and D. M. McCutcheon, “Use of X-ray on Depth of Cold Work by — 
paper presented at New York meeting, Am. Soc. Mechanical Engrs., December, 1933. 
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, material 2 per cent. Subsequent etching and reexamination by the 
same method indicated that this cold-worked surface layer was not 
over 0.001 in. thick. It is believed that this method of preparation 
results in specimens of uniform hardness and smoothness of surface, 
ind sufficient freedom from surface cold working. In order to check 
the uniformity throughout the thickness, a series of specimens was 
| prepared from material 0.050 in. thick by grinding away from one 
side only with a special grinder used for preparing specimens for X-ray 
| examination. Only about 0.002 or 0.003 in. were removed at a time 
and the hand feed was operated very slowly in order to avoid excessive 
heating of the specimens. They were then hand polished on both 
) sides as described above. The hardness values duplicated those 
obtained on a similar series of specimens prepared by etching. This 
assured the uniformity of hardness throughout the thickness and also 
| served to show that the acid etching did not affect the hardness due to 
hydrogen absorption. 
) The specimens tested with an etched surface were prepared exactly 
is those described above with the additional step of a final etching 
treatment in the hot hydrochloric acid which removed 0.0005 in. from 
each surface. This gave a constant depth of etching and the uni- 
1 formity of the surface from piece to piece was much better than after 
the first etching. 
This technique has been described in detail because it is believed 
that these or similar precautions must be taken to eliminate all other 
variables except thickness. 


METHOD OF TESTING 


) Several series of specimens were prepared according to the above 
technique and on most of them impressions were made with several 
different loads. Five similar impressions were made on each test 
specimen and the average taken as the hardness reading. It was 
found that these must be spaced far enough apart so that no part of a 
bulge under an adjacent impression rests on the “‘spot”’ anvil, and so 
: that the cold-worked area around the top of the adjacent impression 
does not affect the results. The hand-polished specimens had slightly 
rounded edges and it was necessary to make the impressions near the 
midwidth. The 15, 30, and 45-kg. loads were applied with a new 
model 1-S superficial Rockwell tester loaned by the Wilson Mechanical 
| Instrument Co., for making these tests, and the 60, 100, and 150-kg. 
loads with a new model 3-M standard Rockwell tester. The penetrator 
| in all cases was a ;-in. ball of the kind supplied with the testing 


machines. A new steel “spot” anvil was used and when  cammaged 
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through testing some of the thinner specimens, it was resurfaced by 
metallographic polishing, using a protecting ring to avoid rounding-ofi 
the “spot.” The A.S.T.M. Tentative Methods for Rockwell Hardness 
Testing (E 18-33 T) were followed for the standard tester and th 
manufacturers’ method for the superficial tester. 


TABLE I.—AVERAGE ROCKWELL READINGS ON SERIES C SPECIMENS. 
100-kg. load, yg-in. ball, 5 observations on each thickness. 


> 


15T-72.5 | 
30T-39.5 


BE 


After the specimens were tested, the appearance of the surface 
- around and under the impressions was studied with a pocket magnifier 
and a binocular microscope fitted with filar eyepiece. The specimens 
were rubbed lightly with 0000 Huber paper as an aid to determining 


_ the nature of the flow around and under the impressions. It was 


0 
be 
4 
a 
skness,| Average, | Standar: f 
in, ¥ _| Deviation, Description of Impression 
( 
a; CTE 46.18 | 0.3374 | Prominent cone. Polished bottom. ( 
45.38 0.4308 | Prominent cone. bales 
“he 44.36 0.2870 | Cone decreasing. B: ly ‘ 
44.32 0.2712 | Cone decreasing. Bulge , diameter smaller. 
aed eres 43.80 0.2097 | Cone decreasing. Bulge higher, diameter smaller, 
43.10 | 0.4146 | Cone decreasing. 
ins 43.04 | 0.3929 | Depression, Bulge , diameter smaller. 
41.40 0.5656 | Depression. Bulge higher, diameter smaller. 
44.16 1.5965 | Depression. Bulge higher, diameter smaller. 
‘ es 42.26 1.1898 | Depression. Bulge higher, diameter smaller. 
ee) TaBLe II.—LimitING THICKNESS OF SHEETS FOR ACCURATE ROCKWELL READINGS. 
ws | Thickness Greater Than 
and Less Than That at 
Maximum Which Rockwell Value 
BD cetacre* Rockwell | Nominal | Thickness Deviates Two Numbers 
i ae Used Hardness in. Occurred, 
-, Number (d) in. 
Thicker | Thinner| Mean 
‘ae 
oll 0.00096 | 0.021 21.90 | 0.021 | 0.0168 
0.0068 | 0.0415 | 6.1 | 0.039 | 0.031 
0.0033 0.029 8.79 | 0.029 | 0.025 
0.0037 0.035 9.46 | 0.0265 | 0.0215 
100 | B-46.2 | 0.0067 | 0.0425 | 6.35 | 0.035 | 0.030: 
by 0.0038 0.0286 7.53 | 0.0286 | 0.027 
| 0.0071 0.0425 5.98 | 0.039 | 0.028% 
| ...... | ..... | 0.0395 | 0.033. | 
| 0.0024 | | 0.046 | 0.089: 
| 0.0050 | | 0.060 | 0.049) 
ol | 0.0096 | ...... | | 0.081 | 0.069 
be Py "ahd @ 8 = Superficial Rockwell tester. R = Regular Rockwell tester. 4 
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difficult to do this on the etched specimens on account of the roughness 
of the surface and these specimens, although carefully examined, have 
not been graded according to this criterion. 


RESULTS 


It is obviously impossible to present all of the numerical results 
within the limited space devoted to this paper, but Table I shows the 
form in which the data were compiled. These results were obtained 
on polished specimens of low-carbon killed steel. Figure 1 is based 
on a minute examination of the i impressions and measurement with a 


ridge 
8.43.0 , Depression 
0.001". 641.4, Depression 


= Bulge 
Apprar.0.0005*. B443 Ridge 
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Fic. 1.—Deformation Around Rockwell Impressions on Specimens of Different 
Thickness. 


filar eyepiece in the binocular microscope. Specimen C-1, not included 
in the illustration, showed a ridge on the top side around the ball 
indentation. ‘There was no bulge on the underside. Attention is 
called to the bulge on the underside of the impression on specimen C-2. 

It is rather difficult to describe the appearance of this bulge and 
efforts to photograph it have not been successful due to the fact that 
it is best seen by “‘gun-sighting” the specimen toward a light source. 
On the thickest specimens showing the very first appearance of a bulge 
on the underside, it is generally of somewhat irregular outline. Thinner 
pieces show well-rounded bulges. When the bulge is barely visible 
and irregular, the hardness reading is generally reliable. This is 
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thought to be due to the fact that the lateral flow under the ball is just 
beginning and is insufficient to cause any appreciable increase in depth 
of indentation or downward movement of the penetrator. The 
prominence of the bulge increases as the thickness diminishes on 
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Thickness of Specimens, in. 


Fic. 4.—Minimum Thickness and Rockwell Hardness Impressions on Material of 
Different Hardness as Judged by a Difference of Two Rockwell Numbers from 
the Hardness Reading on the Thickest Specimen Tested and As Judged by the 
Appearance of a Bulge Under the Impression on Specimens with Polished 
Surfaces. 


successive specimens and the ridge on the top around the spherical 
depression decreases in height until on specimen C-6 it is barely 
discernible. On C-7 and thinner specimens, there is a depressed area 
around the spherical indentation. 

The hardness decreases from the thickness at which the bulge 
appears on the underside until the ridge on top changes over to a 
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depression. Near the thickness which corresponds to that at which 
the depression on the topside appears, there seems to be a rather 
narrow range in which anvil effect (higher readings) occurs. After 
this, further decrease in thickness causes “punching through” of the 
penetrator and a corresponding low reading. This is due to insuffi- 
cient lateral stiffness and the metal ‘‘buckles.’”’ On some series the 
anvil effect is not observed and this is thought to be due to the nar- 
rowness of the range in which the anvil effect is detected. 

Values corresponding to those given in Table I were obtained for 
each series of impressions on the various specimens. ‘The average 
hardness readings for the polished specimens are plotted against 
thickness in Fig. 2. In general the thickest specimen showing a 
bulge on the underside is the thinnest one that gives accurate hardness 
values or the thickest one that gives erroneous results. This furnishes 
one method of determining a limiting thickness of polished specimens 
for accurate Rockwell tests on material of different hardness, or for 
impressions of different depth. The slanting dotted line is drawn 
through the points on the various curves, corresponding to deviations 
of two Rockwell numbers! from the hardness of the thickest piece 
tested. This furnishes another criterion of limiting thickness. The 
results on the etched specimens are plotted in Fig. 3, but since bulges 
could not be determined accurately on them, only the two-point 
error line is shown on this chart. 

The thickness values at which the bulge occurs on polished speci- 
mens and those corresponding to two-point errors for the polished and 
etched specimen are plotted against depth of impression (Rockwell 
number) in Fig. 4. The superficial and regular Rockwell scales have 
been taken to correspond to equal depths of penetration so that the 
results obtained with the two machines may be compared.” It is 
quite apparent that the shallower the impression, the thinner the 
material that can be tested without causing a bulge on the underside 
or an error greater than a given amount, say two Rockwell numbers. 
These shallower impressions may be the result of either greater 

Fo capeeee of the material tested or of lighter loads on the penetrator. 
The scatter of the points is due partly to the limited number of mate- 


1 rials and loads used. The variation in thickness in the test specimens 
was not continuous but by increments and the exact location of the 


1 This deviation of two Rockwell numbers was used because experience has shown it is hardly 

practical to hold several machines in plant inspection laboratories within any closer limits than + two 

- Rockwell numbers from the average hardness of standard blocks furnished by the manufacturer, in 
the range B-40 to B-70. These limits may be less than this for harder materials. 

2 The minor load on the superficial tester is 3 kg., while on the regular tester it is 10 kg. This 

makes impossible direct comparison of hardness values obtained on the two machines, but the scales 

ae in Fig. 4 approximately represent the depth of the impressions made with the two machines 
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points where the bulge and the two-point error first occurs was there- 
fore not possible. It is believed that the curves represent the average 
results. While no impressions have been made shallower than about 
0.0009 in , it is quite evident that the curves must pass through the 
point corresponding to zero indentation at zero thickness and they are 
so shown as dashed lines. 

It will be noted that the two-point error curves in Fig. 4 indicate 
a greater limiting thickness for specimens with etched than with 
polished surfaces. This is thought to be due to the greater flow of 
metal into minute surface cavities and pits on the etched surfaces. 
The appearance of the bulge on the polished specimens furnishes a 
more exact limit of thickness for accurate results and requires a 
thicker specimen than the two-point error limit. The latter is probabl 


DISCUSSION 


It is realized that the data presented are too limited to justify 
any sweeping generalizations. The principal object of this paper is 
to call attention to the need for definite limits for thickness of speci- 
mens for Rockwell tests and to indicate a method of approaching the 
problem. Sample preparation is believed to be so important that 
considerable space has been devoted to this in the hope that others 
who may carry out these tests on other metals will observe the pre- 
cautions that have been described. 

The data obtained indicate that it should be possible to establish 
definite minimum values for thickness for materials having definite 
surface characteristics, but additional work is needed, particularly on 
other materials and surfaces than those included in these tests. The 
appearance of a bulge under the impression is believed to be a sensitive 
indication of the accuracy of the Rockwell readings, but this can only 
be applied to fairly smooth surfaces because it is obscured by surface 
pits, etch pattern, etc. This limit, which may be of academic and 
theoretical interest, is at a somewhat greater thickness than that which 
permits a maximum deviation of two Rockwell numbers from the 
hardness of the material. 

The curves in Fig. 4 giving the two-point error limit for the 
polished and etched surfaces show the important influence of surface 
condition on the hardness reading. ‘These curves will doubtless have 
to be modified to apply to other materials and surfaces, but are given 
here to show how limits for thickness might be stated. 

In conclusion, a word of warning must be given against making 
too broad an application of the results of these tests to cases occurring 
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in practice. A method has been outlined which the author hopes 
many will apply to materials other than those with which he was 
concerned. It is only through such additional experimentation that 
generalizations can be made regarding the effect of thickness on the 
accuracy of Rockwell impressions. 


In the preparation of specimens for this test, a low-carbon killed 
steel was used of uniform composition and structure throughout its 
thickness. Variation in thickness was obtained by etching in acid 
and the surface was then polished. 

The appearance of a bulge under an impression on a polished 
specimen is evidence that such a Rockwell reading is questionable. 
The thickest specimen showing this is either the thinnest one that 
gives accurate hardness values or the thickest one that gives erroneous 
results due to thickness effect. The appearance of a bulge cannot be 
used as a criterion on etched surfaces and its application to polished 
specimens is principally of theoretical value. It is possible to deter- 
mine a practical limiting thickness for various surfaces which will 
insure a maximum deviation of say two Rockwell numbers from the 
hardness of the material. 

On iron and steel the ridge around the spherical impression changes 
to a depression at a certain thickness of the specimen. 

There are apparently three influences that affect the Rockwell 
hardness reading on thin sheets; side flow causing lower readings, 
anvil effect causing higher readings, and crushing effect or ‘‘ punching 
through”’ causing lower readings. The intensity of these effects 
varies with thickness, and the reading obtained is the net result of all 
three superimposed on the hardness of the material. 

Decreasing the load (changing the Rockwell scale) makes it 
possible to obtain reliable readings on thinner pieces. 


Acknowledgments: 


The author expresses his appreciation to the Wilson Mechanical 
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: | 
SALE 0 

4 

k 
a 

r 

| 

«ty r 

E 

J A 
\ 


— Ww 


DISCUSSION 


Mr. C. H. MarsHALt! ( in written form).—Mr. Kenyon’ 
conclusion that accurate hardness readings are obtained when there 
not more than a barely discernible “bulge” on the underside of the 
specimens is a confirmation of a general fact which long has been i 
known in connection with Brinell hardness testing. His findings 
should be a caution to those who have been inclined to consider — 
hardness tests made on thin sheets to represent the actual sow yagi 

f the material. 

This, however, does not mean that hardness tests of great value ie 
cannot be made on even very thin sheets. It is evident that for — 
similar material of the same thickness the errors introduced by i Ee 
might be spoken of as the ‘“‘thinness effect” should, in general, be of 
the same order. Therefore, for comparing the hardness of similar 
thin materials of the same thickness, penetration hardness tests 
such as Rockwell or Vickers, should be useful. In this connection, I 
suggest that in reporting results of tests made on any material 
sufficiently thin that even a slight ‘‘bulge”’ is likely to be produced, 
the thickness of the material as well as the pressure applied and the 
kind of penetrator be made an essential part of the hardness result 
is a warning that this figure does mot represent actual hardness of the 
naterial but is merely a figure useful for comparison with other tests 
made under the same conditions with respect to penetrator, pressure, 
thickness, etc. 

At first thought, one might expect that the error when very thin 
materials are tested would be in the direction of increasing hardness 
caused by the effect of the hard anvil. But as pointed out in this 
paper, while under certain conditions there is some effect of this 
kind, it is almost completely overshadowed by other conditions which 
cause the readings to be low rather than high. 

On tests of phosphor bronze and some other non-ferrous materials 
in various thicknesses which I made some time ago, this decrease in 
hardness was noticed from about the time that the “bulge” appeared 
on the underside of the specimen, then an apparently greater decrease 
in hardness for thinner samples with a somewhat lessened decrease of 
hardness at some point as the thickness was further decreased (anvil 
effect), then the very much lowered readings as the material buckled 
and the penetrator “punched through.” 


Materials Engineer, Lucius Pitkin, Inc., New York City. 
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Ne. In the series of tests which I made, anvils of various materials 
_ (including diamond) were used and it was found that for these 
- C extremely thin materials, the surface condition of the anvil and also 
< the material of which it was made influenced the hardness readings 
It was therefore concluded that the ccefficient of friction between the 
anvil and the material being tested affected the hardness readings as 
also would the presence or absence of any lubricant on the underside 
of the material or its surface condition. 
‘ a The curves of Fig. 4 of the paper are very interesting and give 
7 what might be considered as some absolute data on limiting thickness 
ja, material on which accurate hardness readings may be obtained. 
I believe that when sufficient similar data are available for various 
_ materials, an equation can be developed for defining the maximum 
Bris e allowable penetration for any material of any thickness and hardness. 
a= ies Messrs. C. H. Davis' and R. S. BAKER! (presented in written 
ae ing _form).—Mr. Kenyon’s investigation of the Rockwell hardness of the 
_ thin sheets has been confined to that of low-carbon killed steel. To 
; _ widen the field of study and obtain corroborative data from non- 
‘te - ferrous alloy sheets, specimens were prepared of nickel silver and 
brass of the following approximate compositions: 


Copper, ZINC, NICKEL, 
PERCENT PERCENT PER CENT 
odt. Nickel 56.00 26.00 18.00 


The material selected was soft, 2 and 8 B.&S. numbers hard, 
0.040 or 0.065 in. thick and 6 in. wide. 

In the case of the nickel silver, three samples 1 by 4 in. were 
taken from the central portion of the bar with the 4-in. dimension in 
the direction of rolling. With the brass, two samples were taken in a 
similar manner. 

After the original hardness was determined, the samples were 
reduced in thickness by etching in 10-per-cent nitric acid solution. 
After etching, the surface of the specimens was polished lightly with 
No. 0 emery cloth until the surface was smooth. Then the specimens 
were ree for ten minutes in a sodium dichromate dip, and dried. 


etched off. 
By testing near the center of the strip, the variation over the test 
width was not more than 0.001 in. 
This procedure was repeated a number of times on each sample 
until the samples had been reduced in thickness to 0.010 in. or less. 


4 Technical Dept., The American Brass Co., Waterbury, Conn. 
§ Sodium dichromate dip.—2000 ml. of a cold saturated NazC: solution, 40 ml. of acold saturated — 
NaC! solution, and 200 ml. concentrated 
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Three impressions were made on each gage, } in. apart and in a 

ne across the strip. On each succeeding thinner gage three similar 

impressions were made in a line } in. from the last, so that there was 
no danger of any one series of impressions being made over another. 

In the case of the soft brass and nickel silver, the Rockwell ““F” 

scale appears accurate to about 0.040 in. thickness, while in the case 

f the ‘‘B” scale the accuracy on the brass is affected at about 0.060 


he + 
f | 4+ Scope tt 
Nicket Sitver { Soft | 
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40t— 
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rf 


| | | 
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O 0020 0.040 0.060 0.020 0.040 0,060 


io ickness O pecimen, in. 
1.—Rockwell Hardness Numbers of Nickel Silverand Brass. 


in., and on the nickel silver at about 0.040 in. With the “G” scale 
soft nickel silver may accurately be tested to about 0.050 in. 

Similar observations for hard brass and nickel silver may be 
drawn from the accompanying Fig. 1. The harder specimens may be 
accurately tested to gages in the range from 0.020 to 0.010 in. thick. 

Mr. R. L. Kenyon! (author’s closure by letter) —The discussion by 
Mr. Marshall raises a point in regard to the value of indentation hard- 


1 Supervising Research Engineer, The American Rolling Mill Co., Middletown, Ohio. 
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ness tests on specimens of the same thickness when a “bulge” is pro- 
duced under the impression. Mr. Marshall considers the hardness 


readings comparable if the specimens are of equal thickness. The 


_ author does not agree with this. In Fig. 2 of the paper a line has been 


_ drawn to show the thickness corresponding to a deviation of two Rock- 


_ well numbers from the hardness of the thickest specimen. Other simi- 
lar lines could be drawn to the left of this one corresponding to devia- 
tions of three, four, or five Rockwell numbers. These lines would 
intersect an ordinate corresponding to a given thickness at lower and 
lower hardness values. It is thus seen that although the thickness may 


0 
0.008 


0.00% 


A 
4 Annealed brass 
© Cold rolled brass 
and nickel silver 
(Data from Davis 
and Baker) 


Depth of Penetrati 


0.025 0.050 


Thickness of Specimens, in. ; 
Fic. 2.—Thickness - Rockwell Hardness Data. 


be the same on specimens which show a bulge under the impressions, 


the magnitude of the error is related to the hardness of the material. 

For illustration, assume we have two pieces 0.025 in. thick, one of 
which has a Rockwell hardness of 100 “‘B”’ scale and the other 30 ““B”’ 
scale. The surface condition may be identical on the two pieces, but 
the results on the softer one will be considerably in error while the 
harder one would give essentially correct hardness readings. 

It should also be remembered that, so far, data have been obtained 
only for low-carbon ferrous metals (and brass and nickel silver as con- 
tributed in the discussion by Messrs. Davis and Baker). The location 
of lines for errors of 2, 3, 4, and 5 Rockwell numbers may be different 


on other metals. This is another argument against the belief that 
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regardless of the material, its hardness, or the presence of a bulge under a Mi : 
the impressicn. There is only one remedy when the impression pene- oe 
trates through the specimen and that is to reduce the load so that the 
depth of the impression bears the proper relationship to the thickness. © 
This relationship is given for low-carbon steel in Fig.4 ofthe paper. 
The data presented by Messrs. Davis and Baker offer a valuable _ 
contribution to that given in the paper. There are a number of inter- | 
esting observations that can be made from their Fig. 1. In the first ar 
place there seems to be a marked difference in the behavior of their 
annealed and cold-rolled samples. The soft specimens gave higher 
hardness readings with decreasing thickness while the opposite was true — reo > 
of the cold-rolled pieces. The numerical data for Fig. 1 are not given oe 
and there is no statement of the criterion used to determine the limiting _ Bt 
thickness for accurate Rockwell readings, but it is presumed that this - 
has been taken where the readings have deviated a set amount from 
that of the thickest specimen. a 
When the thickness values corresponding to “the left end of each #: a 
solid line in their Fig. 1 are plotted as in Fig. 4 of the paper, the accom- a 
panying Fig. 2 is obtained. This shows that there is good agreement _ ae 
for brass, nickel silver and low-carbon steel if the material is in the se “8 
annealed condition. There is a wide scatter of the points for the cold- 
rolled brass and nickel silver and this suggests the possibility that the 
etching away of the cold-rolled surfaces has affected the results. This 
does not necessarily mean that the limiting thickness given in Fig. 4 oe 2 ‘ 
would not apply to cold-rolled material; it merely means that when = a 
the surface of cold-rolled material is removed, as by etching, the result- E et 
ing strip does not behave in the same manner as an annealed piece. | 
The data given by Messrs. Davis and Baker indicate that the brass and 
nickel silver which they tested conform to the same limitations for — 
accurate Rockwell tests as the low-carbon steel tested by the author, 
provided the material is in the annealed condition. 
A subcommittee of the Thin Sheet Testing Section of the Society’s — 
Committee E-1 on Methods of Testing hopes to expand this work to 
cover all of the commercial sheet materials so that this rane 
will be available as a guide as to the minimum thickness upon which | 
reliable Rockwell readings can be made. In closing, the author _ 
expresses his appreciation of the additional data that have been pre- 
sented and makes a plea that those interested in other metals conduct — 


similar series of tests and report their results to the committee. fue 4 
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STUDY OF CEMENT COMPOSITION IN RELATION TO 
STRENGTH, LENGTH CHANGES, RESISTANCE TO 
SULFATE WATERS AND TO FREEZING AND 


THAWING, OF MORTARS AND CONCRETE 


a This paper presents data obtained over a period of three years in an ex- 
tensive cooperative investigation between the Research Laboratory of the 
: _ Portland Cement Association,,Chicago, and the Portland Cement Association 

_ Fellowship at the National Bureau of Standards, Washington. 


 e In this investigation 121 laboratory-prepared portland cements, covering 
7 oes studied in relation to strength, length changes, resistance to sulfate waters and 


to freezing and the caleet in mortars and concrete. In this paper the results of 
tests on 74 of the ts are presented which include several compositions 


The results reveal that mortar and concrete properties are markedly in- 
fluenced by the compound composition of the cement. The effects of each of 
the four major cement compounds on the various properties investigated are 


In order to develop a better understanding of the constitution 
and properties of cement, the Portland Cement Association through 
its Fellowship at the National Bureau of Standards has, since 1924, 
been conducting a broad program of fundamental research. As one 
phase of this work there was inaugurated in 1930 a cooperative series 
between the Fellowship and the Research Laboratory at Chicago, 
_ designed to study the influence which the various compounds known 
to exist in cement have on its properties. This series was planned as 
an exploratory investigation with a view to following up with more 
extensive studies any important trends which the preliminary tests 
_ might disclose. While the tests are not completed, they have pro- 
- gressed to a point where significant results have been obtained. The 
keen interest in the nature of the compounds existing in cement, in 
the influence which these compounds have on the properties of the 
cement, and in the development of specifications for special portland 
cements makes the presentation of the data particularly timely. 
- This paper presents only the results of tests made at the Re- 
search Laboratory in Chicago on the cements prepared in the course 


* Manager, Research Laboratory, Portland Cement Assn., Gian Ti. 
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f the investigation.! Tests made by the Fellowship at Washington 
on the same cements have been reported elsewhere by Bogue and ie 
Lercha,2).? 

Acknowledgments.—The cements used in the investigation were 
prepared by the Portland Cement Association Fellowship at a me 

Bureau of Standards. This Fellowship is under the immediate super- 0 i a 
vision of R. H. Bogue, and under the general direction of P. H. Bates, __ ; 
Chief, Clay and Silicate Products Division of the Bureau. The = 
cements were prepared, burned and ground, as described below, by : 
W. C. Taylor of the Fellowship staff. Mr. Taylor also made analyses 
for uncombined lime and SO;. Acknowledgment is made of the 
generous assistance of the Bureau of Standards, and of the valuable 
cooperation of Mr. Bogue and his associates in the planning of the 
investigation and in the manufacture of the cements. Chemical 
analyses of raw materials, raw mixtures and clinkers were made at _ Ets a 
the Research Laboratory, Chicago, by C. L. Ford. The author is — ; 
indebted to A. G. Timms, G. W. Ward, W. R. Johnson, T. G. 
Taylor, L. A. Dahl, W. A. Ebert, and to other members of the staff — 
who participated in the conduct of the tests, for their assistance in the ~ “a ‘aa 
assembling and preparation of the data for this report. 

MANUFACTURE AND COMPOSITION OF CEMENTS 

One hundred and twenty-one cements covering 72 different com- __ 
positions were prepared from commercial raw materials for use in 
the tests. The range of compositions was purposely expanded be- 
yond that of normal portland cements. The comprehensive pro- 
gram and the limitations of equipment and personnel necessitated 

extending the manufacture of the cements and the fabrication of the _ 

test specimens over the period from April, 1930, to November, 1933. 

The raw materials consisted essentially of limestone and clay. __ 

In a number of cases, however, flint, bauxite, iron ore or dolomite __ 
were introduced in order to bring the mixtures to the desired com- — >, 
positions. 

The raw materials were ground to a fineness of 95 per cent a 
the No. 200 sieve, formed into 3 to z-in. balls which were burned Ae iB 
in a gas-fired rotary kiln, 5 in. in internal diameter and 8 ft. a cd 
having a capacity of 10 to 15 lb. of clinker per hour. The temperature 
of burning for complete combination of the various raw mixes was > 


‘ 


1 Attention is called to the fact that although the cements used in this study were prepared at 
the National Bureau of Standards, the making and testing of the specimens and the preparation of 
this paper were carried out by the staff of the Research Laboratory of the Portland Cement Assn. at 
Chicago. The discussion of the data and the conclusions presented herein should not be interpreted as 
reflecting the viewpoints of the Bureau. 

4 The boldface numbers in parentheses refer to the reports and papers given in the list of references 
appended to this paper, see p. 272. 
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predetermined by means of auxiliary tests in a small electrically 
_ heated furnace. The proper burning temperature and rate of burning 
to give substantially complete combination was then maintained 
during the burning of the various clinkers in the rotary kiln. Where 
_ @ high content of uncombined lime was indicated, the clinkers were 
_ double-burned. After burning, the clinkers were cooled in an open 
can, passed through rollers and then ground in an 18 by 30-in. ball 
mill with the proper amount of gypsum to give a constant SO; con- 
tent in the cement. A portion of the ground cement was retained for 
test at the Fellowship and the remainder was shipped to Chicago in 
sealed metal cans for the various tests described in this paper. 
% The oxide compositions of the different cement clinkers and their 
- compound compositions computed according to the methods out- 
_ lined by Bogue) are given in Tables I and XI. In these tables and 
intl the text the cement compounds are abbreviated as follows: 
ComPounD ABBREVIATION 
Tricalcium silicate 
Beta dicalcium silicate 
ods Tricalcium aluminate 


Tetracalcium alumino ferrite 
Dicalcium ferrite 


The cements were prepared systematically in groups and sub- 
groups in accordance with a predetermined outline covering the 
variables under study as follows: resttige 


Group 1: decreases; constant; R,O; (FeO; + Al,O3) constant. 

Group 2: CsA decreases; increases; constant. 

Group 3: CsA decreases; C;S constant; RO; increases in each of six subgroups 
and decreases from subgroup to subgroup. 

Group 4: decreases; C:S and C,;S decrease; C3S/C.S constant; varies. 

Group 5: C;A constant; and decrease; C3;S/C.S constant; increases. 

Group 6: (a2) MgO substituted for CaO; C,S decreases. 

(b) MgO added; C;S constant; C.S decreases. 

Group 7: C,S increases in each of six subgroups; C;A decreases from subgroup to 
subgroup; R:O; constant. 

Group 8: C,;S constant in each of three subgroups; C;A decreases from subgroup to 
subgroup; SO; contents, 1.0, 1.8, and 2.6 per cent. 

Group 9: C,;S increases and C3;A constant in each of three subgroups; 0, 1, 3, 5, 
10, and 15 per cent additions of precipitated silica by weight of 
cement. 


Because of lack of space, results for the cements in Groups 8 
and 9, above, are not included here but will be presented in later 
reports. 


For convenience of study on the basis of compound composition, 
the cements in Table I, and in succeeding tables except [IX and XI, 
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have been arranged in six groups according to their computed C;S aa is 
contents as follows: 
3) Computed CxS 41 to 50 per cent 
(4) Computed C;,S 31 to 40 per cent 
(5) Computed 21 to 30 percent 
Computed C;S below 21 percent = 2 
In each of the foregoing groups the cements are arranged in de- = 
scending order of C;A content, which in some of the groups varied ee a 


from 0 to as much as 20 per cent. The latter value is considerably  —__ 


higher than the average C;A content of present-day commercial port- 
land cements. 
All the cements in Table I had the same SO; content, 1.8 per 
cent by weight, and in general contained the same amount of MgO, 
approximately 3 per cent by weight. Table XI gives the composition _ 
of other groups of cements in which MgO content was the principal Ane ‘3 
variable studied. The values for the chemical analyses are the aver- 
age of 2 determinations. The analyses in most cases were made on 
the clinkers, but in some cases they are based on analyses of the raw 
mixtures or on the finished cements. The chemical analyses were 
made so far as possible in accordance with the A.S.T.M. Standard 
Methods of Sampling and Testing Portland Cement (C 77 - 32). 

All the cements were ground to essentially the same fineness as 
determined by the No. 200 sieve—87.5 per cent passing. Deter- 
minations of specific surface by the air analyzer and the Wagner © et 
turbidimeter(s) indicated some variation in fineness. The specific 
surfaces of the 70 cements in Table I by the air analyzer ranged from 
1320 to 1690 and averaged 1440 sq. cm. per g. with 57 cements within | 
5 per cent of the average specific surface and 67 within 10 per cent © 
of the average. The specific surface by the turbidimeter ranged from f 


average. Results of fineness, time of setting, and other miscellaneous © a 
tests are given in Table XII. 


Scope oF TESTS 
Specimens were made from the different cements for test as Aa < 
follows: 


At RESEARCH LABORATORY, CHICAGO ce 


1. Strength Tests: x 

(a) 3 by 6-in. concrete cylinders of 1:2.4:3.6 mix by weight (water- 
cement ratio 0.56 by weight) at ages of 28 days, 1, 34, 5, and 10 years. Cylin- — 
ders stored in air outdoors and in water in laboratory after 28 days in moist 
room. Tables II and XI. 


41933 Book of A.S.T.M. Standards, Part II, p. 6 
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(6) 2-in. plastic mortar cubes of 1:2.75 and 1:4.25 mixes by weight (water- 


: cement ratios 0.53 and 0.80 weight, at ages of 1, 3, 7, and 28 


(c) 1:3 standard sand briquets; ages and storages same as for 2-in. cube 


Tables VII and XI. 


(d) 3 by 6-in. concrete cylinders, 2-in. cubes and briquets of the same 


: 1 28 days. Ages of test for 2-in. cubes and briquets, 3 months, 1, 2, 34, 5, and 10 
_--—- years; ages of test for 3 by 6-in. cylinders, 1, 3}, 5, and 10 years. Tables II, 


ITI, V, VII, and XI. 


— 2. Sulfate Exposure: 


3 by 6-in. concrete cylinders, 2 -in. plastic mortar cubes and standard 
sand briquets of the same mixes as indicated above, stored in 2 per cent solutions 


of sodium sulfate and magnesium sulfate after 28 days in moist room. Tables 


II, IV, VI, VIII, and XI. ting 
(a) 3 by 3 by 15-in. Elgin sand mortar bars of 1:3.6 mix by weight, 1 
_ day in sealed mold, then: 
ss (1): 6 days in moist room, then in air of laboratory at 70 F. (21 C.) 
Gar: and 50 per cent relative humidity until 14 months old, then in 
water for 1 year. Table X. 
(2) 89 days in moist room, then in air of laboratory at 70 F. (21 C.) 
and 50 per cent relative humidity. Table X. 
(6) 3 by 6-in. concrete cylinders of 1:2.4:3.6 mix by weight stored in 
water and in 2 per cent solutions of sodium and magnesium sulfate in laboratory 
after 28 days in moist room. (Fig. 7.) 


_ 4, Accelerated Freezing and Thawing (B Cycle): 


3 by 6-in. cylinders of 1:2.4:3.6 mix by weight, cured moist 28 days, then 
stored in air at 50 per cent relative humidity for 12 to 27 months, then subjected 
- to alternate freezing and thawing. (Fig. 8.) 

(a) Fineness and surface area. it 
(2) Wagner turbidimeter. Los hes 

(c) Soundness. it tq At 

At P.C.A. FELLOWSHIP AT WASHINGTON 

1. Fineness, passing No. 200 sieve. a 

2. Heat evolution 2). 

3. Length changes of neat cement specimens in water(1). ‘ 

4. Length changes of 1:2 standard sand mortar in dry air at about 45 per 
cent relative humidity and in 2 per cent solutions of sodium and magnesium 


When tests on the laboratory-prepared cements were well under 
way, several commercial cements were included in the program. 
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| 
However; the tests on the commercial cements are not far enough fe . 
dvanced tu warrant including the results in this report. ee a : 
In general, three specimens were tested for strength at eachage, _ # ‘ 


he individual specimens being made on three different days. =— 


tinent details of the tests are covered by the notes accompanying the — ae ‘ a 
INFLUENCE OF CEMENT COMPOSITION ON STRENGTH po eh. 


Reference to the strength results in Tables II, III, V, and VII, Tre ee. 
Figs. 1 to 4, and to published tests by other investigatorsis18), reveals 
that the tensile and compressive strengths of mortar and concrete at _ 

various ages of test are markedly influenced by the compound com- © 
position of the cement. ‘This is to be expected when it is considered 


1 the cement, is influencing the strength properties of the cement as > 
whole. Lack of space does not permit a detailed discussion of the _ 
strength results, but a few general indications will be pointed out. ==> 
Influence of and C:S Compounds on Strength—The chief 
strength-giving constituents of portland cement are the two silicates, _ 
C;S and C,S. In the cements tested, the computed C;S content _ 
ranged from 16 to 74 per cent by weight and the C.S content from 1 
to 58 per cent. The sum of the two silicates ranged from 63 to ae J 
per cent. With the sum of the other compounds maintained essen- i - 


tially constant, an increase or decrease in the amount of C,S was 
ccompanied by a concomitant decrease or increase in C:S. Tests _ 

y Bates and Kleinis) and recent tests by the Fellowshipa) on moist- _ oe 


cured specimens of pure C;S, C.S, and mixtures of these two silicates - 
have shown the predominating influence of the C;S on the strength © fae 
up to 28 days and of the C.S on the strength beyond the 28- day i an . 
period. Tricalcium silicate was found to gain its strength quickly aa ‘ip 
while C.S had relatively little strength at ages up to 28 days, but 
yond that age gained in strength at a rapid rate. These findings 
are borne out by the present tests. Other conditions being the same, 7 
the cements high in C;S (and correspondingly low in C,S) produced es 
the highest strengths at early ages. However, their rate of gain in ia 
strength tends to diminish with age so that eventually they may be © 
surpassed in strength by cements low in C;5 (high in C2S) (see Figs. 1 | a 
and 2). These results are based on tests of specimens exposed = re 
tinuously to moisture. In considering their practical application it 
s important to note that even under these favorable curing conditions, 
the cements low in C;S gained strength slowly. Had the weciunaie 
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- made with such cements been given only short periods of moist curing 
and then exposed to a dry atmosphere it is probable that they would 
have shown considerably lower strengths than those reported in the 

ee tables, particularly at the later ages. 

+“ ‘ In the briquet tests (briquets stored 28 days in moist room, then 
a4 water), practically all of the cements showed the typical retro- 
. = gression in strength at the later ages which is characteristic of this 
* Cement Double Burned 
(45 CoS CyA CA GF Ma Comer GS GS GA GAGE Cement GS GS GACAPGE 
4%-56 24 0 1G | 32 7 12 0 31 02 Wo.58%--62 13 14 1 0 
2 


| 
39 0 14 3 30 O No24-4) 37 7 12 28 O No 
45-28 52 0 15 2 3.1 O No4I-29 49 7 12 0 30 0 No31---\6 58 166 0 
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No.46| No. = 58 
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T T 
percent CsA 7 per cent A_ 
14 Car /2 per cent 7 per cent 


Ct || | Cement 
Cement No.46 Cement No.584.. 


No. 24 7 7 
Cement / Cement 
~ Cement— No.37 
000 No.6 Va | 4/ 3 

Z 


> 
oO 
oO 


Z Cement No. 42 No. 2B Dupl\— 


s 
= 


28d, Sm. Sd 28 Sm. ld. Sd 28d Sm. ty 2y 
Was Age at Test, log scale 


Fic. 1.—Age-Strength Relations for Cements of Varying Tricalcium Silicate Content. 


Tension tests made on 1:3 standard Ottawa sand briquets. Compression tests made on 2-in- 
graded Ottawa sand plastic mortar cubes of 1:2.75 mix by weight. Specimens stored in moist room 
28 days, then in water. Data from Tables III and VII. 


type of specimen when stored in water. But few of the cements 
showed any tendency toward retrogression in the compression tests 
of moist-cured specimens, and where such a tendency occurred, the 
cements generally contained relatively high amounts of'C;A or C;A 

plus C,AF. 

. Influence of C;A and C,AF Compounds on Strength—In a study 
of the effect on strength of increasing the C;A content, three groups of 
cements were selected in each of which the C;A content varied but 
the C;S, C:S, and CsAF compounds were essentially constant and the 
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‘1G. 2.—Relations Between Strength and Tricalcium Silicate Content of Cement. 


Specimens stored in moist room 28 days, then in water. All mixes are by weight. 
Tables [1, III and VII. 
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as Val Fic. 3.—Relations Between Strength and Tricalcium Aluminate Content of Cement. 


é 
Specimens stored in moist room 28 days, then in water. All mixes are by weight. Data from 
Tables II, III and VII. 
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C,AF varied from group to group (Fig. 3). At ages up to 28 days 
both the compressive and tensile strengths increased with increase in 
the C;A content, but at later ages there was, in general, a tendency 
toward lower strengths for the higher C;A contents, other conditions 
being the same. 

Results of tests on three groupsof cements each containing approxi- 
mately constant amounts of C;S, C.S, and C;A but variable amounts 
of C,AF indicate that the C,AF compound produced little, if any, 
change in strength (Fig. 4). 


g Mathematical Study of Influence of Cement Compounds on Strength 

‘a ee In investigating the influence of the individual compounds on 

a, the strength of the different types of specimen at various ages, mathe- 

f matical studies of the general relationships between the cement com- 
pounds and strength were made in order to find a type of equation 
which, with suitable constants, would give reasonably good agreement 
between calculated and observed values. By the method of least 
squares, equations expressing these relationships were developed and 
the strengths computed from these equations compared with those 
determined experimentally. Such equations are necessarily empirical 
as there is no theoretical basis for assuming that a particular type of 
equation is fundamentally correct. 

In these analyses, a linear relationship' was assumed between 
the percentage of each compound and the strength at a given age. 
This form of equation gives reasonably satisfactory agreement be- 
tween calculated and observed strengths but could not be fitted to 
the data on some of the other properties. Other types of equation 
may be required’in such cases and will be considered in the further 
studies which are contemplated. 
The equation chosen involves only the four major compounds, 

C;S, CS, CsA, and C,AF. A compound may be neglected only if it 
is present in constant proportions throughout the series, or if its in- 
fluence on strength is negligible. Upon the latter assumption, all 
of the 70 cements in Table I were originally included in the series 
used in calculating values of the coefficients for the equations by the 
method of least squares. However, a study of the differences between 


1 The linear equation used to express the general relation between composition and strength, for 
a given type of specimen and age at test, is of the usual form, 


CS +5 CS +¢ CsA +d CAP Strength 


A constant term is not introduced, since any linear equation with a constant term may be con- 
verted to the above form through the relation, 


CS +C:S + CsA +CAP 


where k is the sum of the percentages of the four compounds. In this series, since the sum is practically 
Se advantage in introducing a constant term. 
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calculated and observed strengths showed that those in poorest agree- 
ment differed from the greater portion of the series either in free CaO 
or MgO content, or both, indicating that the influence of these com- 
ponents was not negligible. The number of such cements is too small 
to justify adding terms to the equations for the purpose of including 
the influence of MgO and free CaO. Therefore, cements with more 
than 1 per cent free CaO, or with less than 2.5 and more than 3.4 per 
cent MgO were omitted in th: mathematical analysis of the strength 
data. In calculating the effect of C.AF compound, the C:F, where 
present, was included with the C,AF since the C;F is in solid solution 
with C,AF as a single solid phase. 

The coefficients obtained, with their probable errors, are given 
in Table IX. The fact that a linear equation fits the data reasonably 
well indicates that within the range of compositions included in the 
mathematical analysis an additive effect of the compounds may be 
assumed, subject to the calculated probable errors. The coefficients 
may, therefore, be used as a basis for studying the influence of each 
compound with time for each type of specimen, since they show the 
progressive effect of each compound up to 2 years for the particular 
conditions of these tests. 

Inspection of the coefficients obtained by this method of analysis 
shows that for all types of specimen the C;S is continuously effective 
in increasing strength. The C,S contributes little to strength up to 
about 28 days but is largely responsible for the increases in strength 
beyond that period. 

At the 7- and 28-day periods for the cubes and at all ages up to 
28 days for the briquets, the C;A appears to exert a greater effect on 
strength than any of the other constituents. Its effect on strength 
diminishes beyond the 28-day period and at 1 and 2 years is either 
nearly zero or negative. In the case of the concrete cylinders the 
decrease in the effectiveness of the C;A after the 28-day period was 
less rapid. 

The C,AF had a negative effect on the compressive strength of 
the 1:2.75 cubes up to about 7 days, and in the case of the 1:4.25 
cubes its effect was slight at all ages. In the case of the briquets the 
C,AF appears to add to the strength after 1 day, although its effect 
diminishes beyond the 3-month period. 

Davis, Carlson, Troxell, and Kelly report strength factors at 
7, 28, and 90 days for compression tests of moist-cured 2 by 4-in. 
mortar cylinders of approximately 0.57 water-cement ratio by 
weightao). The cylinders were made with Boulder Dam sand using 
20 cements of equal fineness. While the factors they obtained differ 
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in degree from those in Table IX at corresponding ages, except for the 
C,AF compound they indicate the same general trends. 
The high values of the C;A factors at 28 days are not easily 
explained. Bogue and Lerch consider the effect to be due to a sec- 
ondary cause rather than to a direct contribution to strength of the 
order indicated. They suggest that since C;A requires a larger amount 
of water for hydration than the other cement compounds, increasing 
its percentage in a series of tests such as this where a nearly uniform 
quantity of water is used for mixing, will increase the amount of 
water which will be taken up by the C;A leaving decreasing amounts 
for the silicates. The resulting decreased water-silicates ratio may 
then result in the improved strengths commonly associated with de- 
creased water-cement ratiosa1). Bogue and Lerch further suggest 
that the negative values of the factors for C;AF may be due to a 
deposition of colloidal, hydrated CaO-Fe,O; around the grains of the 
other compounds, thus delaying their rate of reaction with water«). 


oF CEMENT COMPOSITION ON LENGTH CHANGES 
OF Mortar Bars 
Length Changes of Mortar Bars.—Table X contains the measured 
expansions and contractions of 3 by 3 by 15-in. mortar bars of 
1:3.6 mix by weight when stored under different conditions. The 
data for the nine groups of cements used in the strength studiesof Figs. 2 
to 4 were examined separately in order to determine whether any sig- 
nificant trends existed between the measured length changes of the bars 
and each of the four principal cement compounds. Expansion and 
contraction were found to be virtually independent of the relative pro- 
portions of C;S, C.S, and C,AF, but variations in the proportion of 
C;A had an appreciable influence. In general, as the C3A content 
increased there was a tendency toward increased expansion of the 
bars during their 3-month storage in the moist room, and increased 
total contraction after 14 months and 2 years storage for bars allowed 
to dry in the air of the laboratory at about 50 per cent relative humid- 
ity. The tests included both 7 days and 3 months storage in moist 
room before drying (Fig. 5). For the bars moist-cured for 7 days, the 
values of total contraction at 14 months ranged from about 0.07 per 
cent for a C;A content of 0 per cent, to about 0.11 per cent for a CsA 
content of 20 per cent. Approximately the same range in total con- 
traction was obtained at age of 2 years for the bars which were moist 
cured for 3 months before they were allowed to dry out in air of 
laboratory. 

Relationship Between Composition and Total Contraction.—Linear 
equations were found to represent relations between composition and 
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ngth changes of the bars with reasonably satisfactory agreement a 
etween observed and calculated values. The equations were derived 
om the same 57 cements used in studying the strength data. It will 
> recalled that these cements contained 1 per cent or less of free CaO 
nd approximately 3 per cent of MgO. The coefficients and their 
robable errors, obtained by the method of least squares, were as 
llows : 


4 
3 Coefficients of Linear Representing Relation ig 
Wr Between Total Contraction of Mortar 
re 7 
After 7 days moist curing, | After 3 months moist curing, — an 
Total Age 12 months Total Age 15 months - 
BS a 


The coefficients for 11{ months storage in air after 7 days in | 
noist room do not difier greatly from the values for 12 months storage” é 
n air following 3 months storage in moist room. The two a 
ppear to have influenced the total contraction to approximately the 
ume degree but to a much lesser degree than the C;A and to a some- as 

what greater degree than the C,AF compound. Woods, Steinour, 
and Starkea7) and Bogue and Lercha) also report that the C;A com- 
pound has the greatest influence on the total contraction of mortar © ey 
bars. 


es 
INFLUENCE OF CEMENT COMPOSITION ON RESISTANCE 
Valuable information on the behavior of portland cement when a 
exposed to the action of sulfates has appeared in the literature, par- 5 
ticularly in recent years(9,18-27). These tests have developed con- ae ty 
siderable additional information on this subject and supplement the aed 
results presented in the recent report by Bogue and Lercha). ee Pat. 
Ratings and Durability Factors ——Concrete cylinders, 2-in. plastic 
mortar cubes and standard briquets made with each cement S . 
after 28 days of moist curing, stored in large tanks containing 2 per | See 
ent solutions of magnesium and sodium sulfate. The solutions were pe 


content. 

The influence of composition on the resistance of the cements Be 
the solutions is clearly shown by the ratings and strengths of the 
specimens (Tables II to VIII) after various periods of exposure. The 
ratings were determined by visual inspection. The durability factors — 
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at the 1, 2, and 3-year periods recorded in the tables were devised 
to facilitate the study and plotting of the results. These factors at 
a given yearly period are the sums of the separate ratings at all pre- 
ceding 6-month periods. For example, the concrete specimens for 
cement No. 1 Duplicate, Table II, in the magnesium sulfate solution 
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Fic. 5.—Length Changes of Mortar Bars as Influenced by Tricalcium Aluminate 
Content of Cements. 

Data from Table X. Compare with Fig. 3. Specimens: 3 by 3 by 15-in. mortar bars, 1:3.6 
mix by weight. Aggregate: Elgin sand graded 0 to No. 4. Numerals at plotted points indicate 
number of identical values. 
have ratings of 9.0 and 8.0 at 6 months and 1 year, respectively. 
The sum of these two ratings, 17.0, is the durability factor at the 
l-year period. The ratings at 14 and 2 years are 6.6 and 2.6. These 
ratings added to those at 6 months and 1 year give the durability 
factor at the 2-year period, 26.2. Similarly, the ratings of 0.3 and 0 
at 24 and 3 years added to those at previous 6-month periods give 
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ed he durability factor at the 3-year period of 26.5. Durability factors 
at 'r specimens in apparently sound condition at the end of 1 year are a 
re- 0, at 2 years, 40, and at 3 years, 60 (a rating of 10 for each 6-month 
for period). These latter values are the maximum attainable and values 
ion tween them and zero represent intermediate degrees of resistance 
t the particular period considered. By this method the behavior of 
the specimens during a given period can be represented by a single os 
factor which to some extent indicates the rate at which disintegration 
as occurred. 
Resistance of Cements to Sulfate Solutions—The data on the 
resistance of the cements to the sulfate solutions as influenced by each 
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Computed CzA Content of Cements, per cent 
Fic. 6.—Influence of Tricalcium Aluminate Content of Cement on Durability and 


Strength of Concrete Exposed to Sulfate Solutions. 
3 by 6-in. concrete cylinders. Water-cement ratio: 0.85 by volume. Cylinders had been exposed oar 
) sulfate solutions for 11 months when tested for strength at age of 1 year. Numerals at plotted Sul 
points indicate number of identical values. a 
of the four major compounds was studied in the same manner as that 
employed in Figs. 2 to 5 in studying strength and length changes. 


inate No significant trends were observed for any of the compounds except wi 
C;A. These studies as well as analyses of the durability factors showed ae 

Deora that the C;A had a marked detrimental influence on the sulfate re- 


sistance of the cements. 
The rate of disintegration varied somewhat with the type of 


and ’ specimen and the solution. It was probably influenced more by the 

. ‘ difference in physical characteristics of the paste than by the shape 

lity of the specimens. The type of aggregate was probably a factor 
1s well. 

she The concrete cylinders appeared to disintegrate more slowly 


than the other types of specimen in both solutions. Good resistance 
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up to the 3-year period was exhibited by the concrete cylinders when 
the C;A content of the cement was 7 per cent or less in the case of 
the cylinders stored in magnesium sulfate solution, and when 10 per 
cent or less in the case of the cylinders stored in sodium sulfate solu- 
tion (Fig. 6). Where the C;A content was greater than these values 
the extent of disintegration at the 3-year period increased with in- 
crease in the amount of C;A present. 

In general, the cubes and briquets made with cements containing 
11 per cent or more of C;A showed marked attack at 1 year in both 
solutions, but in the case of the concrete specimens only those made 
with cements containing 15 per cent or more of C;A showed con- 
siderable attack at this period. It is of particular interest to note 
that the lean 1:4.25 cubes made with coments low in C;A showed 
much better perfermance than the richer 1:2.75 cubes made with 
cements high in C;A. This confirms the findings of Bogue and Lerch 
that certain changes in composition have a greater effect upon re- 
sistance to sulfate attack than changes in richness of mix and water- 
cement ratioa). In this connection it should be pointed out that the 
resistance of the richer mixtures was in practically all cases greater 
than that of the lean mixture of the same cement, showing the im- 
portance of control of the quality of the concrete where exposure to 
sulfate waters is to be expected. 

From diagrams showing durability factors plotted against C;A 
contents, similar to those in Fig. 6, the maximum C;A contents for 
good resistance to the solutions were determined for each type of 
specimen. The values follow: 


Maximum C3A Contents for Good Sulfate Resistance 
at Period Indicated 
2 per cent Mg tO, 2 per cent 
Solution Solution 


l year | 2 years | 3 years | 1 year | 2 years | 3 years 


10 8 12 10 
7 9 8 


8 
8 8 
9 8 


8 
12 10 


It is seen from the above values for the 3-year period that good 
resistance to the magnesium sulfate solution was obtained with all 
types of specimen when the C;A content did not exceed 6 or 7 per 
cent, and in the case of the sodium sulfate solution when it did not 
exceed 6 to 10 per cent. 

Strength of Specimens Stored in Sulfate Solutions.—The strength 
of specimens stored in the sulfate solutions expressed as a percentage 
of the strength of similar specimens stored in water and tested at the 
same age was used to determine whether any impairment in strength 
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ccurred during storage in the solutions. 
specimens when tested were of the same total age. 
‘xposed to the solutions had been in the solution one month less than 


the age at test since they were moist cu 
to sulfate action. 


0.05 
re) | “Yemen? No. 37, IG AF 6 ” 
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Cement No. i2 & 
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Cement No. 45 CAF IS 
0.05 | Cement No.39A|(,A percent] FOR 
Cement No. 32 LAr ” 
+ = 
138 
GAF y Q 
a om 
= 
0.05 4 Sper cent 
x re) | 
0. 08 Cement No. 48 (Sper cent 


Cement No. 34 CAF ” 


ement No. 35 GAK 9 
(Cement No. 3/ 
CsA lOper cent] 
re) 4" : 
0.05 ement No. 54 CsA lOpercent) | 
0.05 [Cement No 50° GA 4 ber cent 


0 6 2 8 24 3 3% 42 


Age, months 


Fic. 7.—Expansion of 3 by 6-in. Concrete Cylinders in Water and in Sulfate fe 


Solutions. 
Specimens moist cured 28 days before storage 


When the specimens exposed. to the solutions had begun to dis- 
integrate some difficulty was encountered in testing them for strength. 
This was particularly true of the compression specimens and some had 
to be capped before loading due to poor condition of the bearing sur- 
faces as a result of the disintegration and swelling which had occurred. 
In most cases where the ends and edges of the compression specimens 
were badly affected, no attempt was made to test them and they were 


In these comparisons the 
However, those 


red one month before exposure 
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of the specimen that remained still possessed considerable strength. 
All strength values in the tables are based on the original cross-sections 

the specimens. 
The strength ratios for each type of specimen and age of test 
were plotted in the same manner as that shown for the concrete 
cylinders in Fig. 6. From these diagrams the approximate C;A con- 
stents for strength ratios of 100 per cent were determined. The values 
‘ _ obtained in this manner were, at corresponding ages, in fair agreement 
Sa with the maximum C;A contents for good sulfate resistance discussed 
in the preceding section which were derived from the durability 
factors. The principal difference occurred for the briquets stored in 
is the magnesium sulfate solution where a value of zero per cent for 


_ periods. The briquet strength ratios for zero per cent C;A at these 
two periods averaged 93 and 70 per cent, respectively, and showed a 
fairly regular decrease from these values to a strength ratio of zero at 
a C3;A content of about 12 per cent. It is believed that the low 
strengths of the briquets in the magnesium sulfate solution are due to 
the relatively large reduction in effective area for a comparatively 
small depth of penetration of the sulfate action. A penetration of 

nly 0.05 in. reduces the effective area about 20 per cent. 

; Expansion of Concrete Cylinders in Sulfate Solutions.—The linear 

expansions of 3 by 6-in. concrete cylinders made from 38 of the 
cements were measured at various periods of storage in 2-per-cent 
solutions of sodium and magnesium sulfate and in water after 1 day 
in mold and 27 days in moist room. 

Pe ie The expansions of the cylinders in the solutions conform closely 
i? + to those of the cylinders in water until the action of the sulfate causes 
a sharp increase in the rate of expansion which marks the beginning 
of visual disintegration (Fig. 7). In general, as the expansion in- 
creases the extent of disintegration also increases. ‘There is a notice- 
able decrease in the expansion of the cylinders stored in the solutions 
with decrease in C;A content of the cement. Where the C;A content 

is 7 per cent or less the expansions up to the 2-year period are not 
excessive except in the case of cement No. 60 which contained 2.3 per 

cent uncombined lime. The expansions in water also tended to 


decrease with decrease in C;A content. 


TP, 


INFLUENCE OF CEMENT COMPOSITION ON RESISTANCE TO Fe . 
FREEZING AND THAWING 
When this investigation was started, freezing-and-thawing tests 
were not included in the program. However, as the tests progressed 
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t seemed desirable to obtain some preliminary information on the « 

sistance to alternate freezing and thawing of concrete made with | 
the various cements. ‘There were available for this purpose three = a 4s 
3 by 6-in. concrete cylinders each for 66 of the cements listed in — ial 
Tables I and XI. These cylinders had been moist cured 28 days and a 
then stored in air of laboratory at approximately 50 per cent relative 

imidity for periods of 12 to 27 months. Many of the cylinders had 
stainless steel gage points embedded at the ends and had been measured 
at definite intervals for length changes during the period of dry-air 
storage. A sufficient number of the remaining cylinders were provided 
with gage points set in neat cement paste in holes drilled in the ends 
so that length changes occurring during the freezing-and-thawing 
cycles could be observed on at least 2 specimens for each cement. 
Losses in weight were obtained on 3 specimens for each cement. 

All cylinders were weighed and then soaked in water for 5 days : 
before being subjected to the alternate freezing-and-thawing cycles. = 
The absorptions occurring during the soaking period were recorded. _ 

Freezing-and- Thawing Apparatus—This series of tests was 
carried out using a different technique from any previously reported — 
by this laboratory s1,33,34. The apparatus consists of an insulated - 


concrete tank with four compartments each filled with calcium 
chloride brine. The brine is cooled by coils of pipes through which 
ammonia is circulated. The 3 by 6-in. cylinders were completely © o 
immersed in water in metal containers, 6} by 6} in. in cross-section 
and 32 in. high, which were placed directly in the brine. The spaces * 5 r ae 
in the corners of the rectangular tank and in the center between the ==> 
cylindrical specimens were partially filled with cast-iron bars of x : 
triangular cross-section so that the amount of water required to sur- ee 
round and completely immerse the specimens was reduced to a mini- 
mum. Circulation of the brine in each compartment was obtained a 
by means of a motor-driven agitator. 
The capacity of the apparatus is such that approximately one eo. 
hundred and fifty 3 by 6-in. cylinders could be cooled simultaneously _ 
rom 50 F. (10 C.) to +10 to —5 F. (—12 to —20.5 C.) ina period of 
1} hr. The brine temperature ranged from 0 to —15 F. (—18 to 
—26 C.). 
“B” Cycle of Tests —For the tests reported herein, the cycle of — 
operations, termed the B cycle was as follows: The containers holding __ 
the specimens were allowed to remain in the agitated cold brine 14 hr., _ 
ifter which they were placed in a tank containing warm water fora _ 
eriod of from 1 to 1} hr. During this period the specimens and __ 
urrounding water remained in the containers. The temperature and 
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quantity of water in the tank were adjusted so that the ice and speci- 
mens within the containers were completely thawed and raised to a 
temperature of about 50 F. (10 C.) in the 1 to 14-hr. period. Cir- 
culation of the water in the thawing tank was maintained by means 
of a motor-driven agitator. 

In one of the containers in each of the compartments at least two 
“‘dummy’”’ specimens were included in which thermocouples had been 
embedded. Readings were taken at regular intervals to indicate the 
temperature of the specimens at the bottom and top of the container. 
Also a thermocouple was submerged in the brine of each tank to record 
the temperature of the calcium chloride. 

The regular routine followed in this B cycle was to freeze and thaw 
three times daily. After the last thawing, the specimens remained 
in the containers in the thawing tank until the following morning when 
they were again placed in the brine tanks and the three daily cycles 
repeated. After 4 days, or 12 of these cycles, the specimens were 
removed from the containers, weighed and measured for change in 
length. ‘They were then placed in a gas-fired drying oven at 120 F. 
(49 C.) for a total of 72hr. After removal: from the oven the speci- 
_ mens were allowed to cool at room temperature for a period of about 
16 hr., the weight and length were again recorded, and the speci- 
mens placed in water. After remaining in water for 72 hr. they 
were weighed, measured for length and then replaced in the containers 
for the beginning of the next series of freezing-and-thawing cycles. 
In replacing the cylinders after each 12 cycles their position in the 

- containers was rotated in a systematic manner so that each received 
as nearly as possible the same treatment. 

The 12 cycles of freezing and thawing, the 72-hr. drying and 
72-hr. saturation periods, plus the time for cooling and measuring 
required two weeks. By dividing the specimens into two groups, one 
set received the freezing-and-thawing cycle while the other set was 
receiving the drying and saturation treatment. During the freezing 
each group was again divided so that one-half of the specimens was 
thawing while the other half was freezing. 

Length Changes and Losses in Weight of Test Cylinders.—-Typical 
curves illustrating the expansion and loss in weight resulting from the 
indicated number of B cycles of freezing and thawing are shown in the 
upper two diagrams of Fig. 8. The expansions and losses in weights 
shown are those determined at the time the specimens were removed 
from the thawing tank on the morning following each twelfth cycle 
and before introduction into the oven. The figures recorded refer only 
to the number of freezings and thawings. For eich 12 cycles recorded 
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there was an accompanying cycle of drying and saturation as described 
previously. In a few instances, due to mechanical difficulties with the 
compressor, the drying cycle was introduced following 9 or 10 cycles 
of freezing and thawing. In the total period represented by 300 
cycles of freezing and thawing, this variation in procedure occurred 


on only 7 occasions. tat 
5 Cement No. 58 Cement No.9 
x | Type B 
g +0.1 + Exp 
oF 0 Toss in Weigh’ 
0 100 150 200 50 100 0 200 
‘7 Cycles of Freezing and Thawing pan 
“2 a> 534 029 
He, OP 
=a 


per cont 


Expansion 


and Thawin 


for 0.4 


Cycles of Freezing 


Computed Content of Cements, per cent 
Fic. 8.—Resistance of Cements of Different Composition to Alternate Freezing and 
Thawing—B Cycle. 

Specimens: 3 by 6-in. concrete cylinders. Mix: 1:2.4: an 6 by weight; net water content 6.35 
gal. per sack. Aggregate: Elgin sand and gravel graded 0 to Zin. Cylinders cured moist for 28 days, 
then in air at approximately 50 per cent relative humidity for 12 to 27 months before test. All cylin- 
ders soaked in water for 5 days before subjecting to alternate freezing and thawing. For further 
details see text. 

Of 66 cements tested for resistance to freezing and thawing, 42 
showed loss-in-weight curves similiar to the type A curve while for the 
remaining 24 cements the loss-in-weight curves were similar to the 
type B curve (Fig. 8). With the type A curve there occurred a re- 
latively slow and gradual attrition of the specimens under the freezing- 
and-thawing treatment. With the type B curve, little if any loss and 
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in some cases a small gain in weight was indicated as the number oi 
cycles increased. This continued until a very marked loss occurred 
and total failure resulted after a few additional cycles. The type A 
curve occurred most frequently in cements relatively low in C;A and 
the type B in cements relatively high in CsA. Occasionally, however, 

- the type A curve was obtained with cements relatively high in C;A 
and the type B with cements low in C;A. 

It is to be noted that for both types of loss-in-weight curves, the 
expansions of the cylinders gradually increased with increase in the 
number of cycles. A sharp increase in loss in weight generally occurred 

SS when the measured expansions of the cylinders amounted to 0.3 to 
0.5 per cent in the case of the type A curves and 0.4 to 0.6 per cent 
in the case of the type B curves. 

Resistance to Freezing and Thawing as Influenced by Cement Compo- 
sition.—Numerous studies were made of individual groups of cements 

¥ to see whether there was any variation in their resistance to alternate 
. A freezing and thawing due to variation in composition. Statistical 


see ia studies of the data were also made. On the basis of the loss in weight 


e.. a ; ; and expansion of the specimens, these various studies indicated a trend 
_ toward increased resistance with increase in the C;S and C:S com- 
ie ae _ pounds and a trend toward decreased resistance with increase in the 
C;A and C,AF compounds, the latter compound having considerably 
me less efiect than C;A. Hughes, in tests on 14 commercial portland 
cements in a mortar mix of 0.70 water-cement ratio by weight, likewise 
found that the C;A and C,AF compounds reduced the resistance to 
freezing and thawing in the S cycle used in his tests but that the 

C.AF had the greater influence (27). 
: In the two lower diagrams of Fig. 8 the number of cycles which 
produced an expansion of 0.4 per cent and a loss in weight of 20 per cent 
_ is plotted against the C;A content of the cements. The numbers in 
_ the diagrams identify the various cements and the different symbols 
_ serve to indicate their approximate total silicate contents. While the 
_ plotted values show considerable spread in both diagrams a definite 
trend toward increased resistance is indicated as the C;A content is 
reduced. It appears that the influence of C;A on resistance to freezing 
and thawing is sufficiently great so as not to be masked by the influence 
of the other compounds. It is probable that several factors such as the 
presence of chert particles in the coarse aggregate, the position of the 
' specimens in the containers, differences in the degree of hydration and 
in age at time of test, and the limited number of specimens of each 
_ kind, contributed to some extent in producing the spread indicated in 
ve the diagrams. Further statistical studies of the data may | serve to 
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ndicate the influence of composition with respect to each of the 
ompounds involved. In addition, an extension of this series is now ; 
inder way, with improved control in the freezing-and-thawing test, Bs 
or the purpose of checking these results and eliminating that portion 
f the spread which may be caused by variations in testing procedure. 


0 
0123456718900 1234567 89 10 
MgO Content of Cements, per cent 


Fic. 9.—Strength of Cements of Varying MgO Content. ee 
Data from Table XI. Specimens stored in moist room 28 days, then in water. ts 


MgO Substituted for CaO MgO Added 
CementNo. 31 3BDupl. 32 33 ~ 55 34 3BDpl. 35 36 
C,5 49 43 36 27 4) 43 Al 42 47 
CS 29 33 40 45 58 oe 33 30 23 
@ 7035-7 2 28d. Td: 
0 
3 by 6in. Concrete Cylinders, 1:2.4:3.6 Mix by Weight | 
6 000 — 
2 000 
| 2-17. Plastic Mortar Cubes, /:2.75 Mix by Weight 
> 
2 


TESTS OF CEMENTS WITH VARYING MGO CONTENT 


In a group of 12 cements the composition was varied in two ways 
by varying the MgO content. In 6 of the cements (Table XI) MgO 
was substituted for CaO in the raw mix causing the C;S to decrease 
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from 49 to 11 per cent and the C.S content to increase from 29 to 
58 per cent while the C;A and C,AF remained substantially constant 


at 11 and 10 per cent respectively. The MgO content of these 6 
cements varied from 1.2 to 9.7 per cent. 


In the other 6 cements the MgO was used as an addition to 
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Fic. 10.—Length Changes and Resistance to Sulfate Solutions and to Freezing and 
Thawing of Specimens Made from Cements of Varying MgO Content. 


the raw mix. As the MgO was introduced into the mix, adjustments 
were made in the CaO and SiO, to maintain the C;S approximately 
constant at 45 per cent. The C:S decreased from 36 to 23 per cent 
and the C;A and C,AF remained constant at 11 and 9 per cent respec- 
tively. The MgO in these cements varied from 1.4 to 9.9 per cent. 
Influence of Varying MgO Content on Strength When MgO was 
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substituted for CaO there was a gradual decrease in strength with 
ncrease in MgO content at all ages (Fig. 9). This apparent reduction 
in strength is largely due to the change in the relative percentages of 
the 2 silicates and probably to some extent to the reduction in total 
silicates with increase in MgO content. This will be evident if the 
strengths for these 6 cements are compared with the strengths of other 
cements (from Table I) containing similar percentages of the C;S, 
C.S, C;A and C,AF compounds. Such a comparison reveals little, 
if any, difference in strength except in the case of cements Nos. 33 
and 55 which contained 7.1 per cent and 9.7 per cent MgO respectively. 
Cement No. 33 showed reduced briquet strengths at the 1- and 2-year 
periods. Cement No. 55 generally showed lower strengths at all ages 
than cement of approximately similar composition except for MgO 
content. The low strengths shown by the cubes and briquets at the 
2-year period for cement No. 55 are particularly noteworthy. 

The addition of MgO up to 9.9 per cent with the C;S, C;A, and 
C,AF kept essentially constant had little effect on strength of either 
mortars or concrete except at 1 and 2 years when there was a decrease 
for the two highest percentages. This decrease was most noticeable 
at the 2-year period and was nearly as pronounced as in the group 
where MgO was substituted for CaO. In this case also consideration 
should be given to the reduction in total silicates as a partial cause 
for the loss in strength. The effect of MgO on strength has been 
reported by Bates;3s) and more recently by Kiihliss). The results 
obtained by these investigators are in general agreement with those 
reported here where the conditions of test are comparable. 

Influence of MgO on Length Changes of Mortar and Concrete.— 
Recent information indicates that the MgO present in normal port- 
land cement is uncombined with other compoundsis). The hydration 
of this MgO proceeds slowly with time and with considerable increase 
in volumei37). This being the case it is of interest to investigate the 
behavior of the specimens containing cements high in MgO when 
stored in water, in air, and in sulfate solutions. 

Concrete cylinders stored in 2-per-cent solutions of magnesium 
and sodium sulfate up to 20 months exhibited excessive expansion 
followed in some cases by complete disintegration where the MgO 
content of the cement was greater than 5 or 6 per cent in the case of 
cylinders stored in magnesium sulfate, and when greater than 7 per 
cent in the case of cylinders stored in sodium sulfate. In the latter 
solution, cement containing 7 per cent MgO showed about 50 per 
cent greater expansion than cement containing 5 per cent MgO. 
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Concrete cylinders stored in water for 20 months showed in- 
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creased expansion with increase in MgO content of the cement 
(Fig. 10). 

Concrete and mortar specimens stored in air after 7 days, 28 
days or 3 months moist curing, showed only small differences in total 
contraction with increase in MgO content of the cement where the 
MgO was substituted for CaO. An exception occurs in the case of 
the concrete specimens containing 9.9 per cent MgO which showed 
approximately 25 to 50 per cent greater total contraction than similar 
specimens containing 1.2 to 7 per cent MgO. The total contractions 
for this group of cements may have been influenced by the wide 
differences in the relative proportions of the C;S and C.S compounds. 
Where MgO was added, there was a trend toward reduced total con- 
traction of concrete and mortar with increase in MgO (Fig. 10). 

Resistance to Freezing and Thawing.—In general, the cements in 
which MgO was substituted for CaO as well as those in which it was 
added showed, in the freezing-and-thawing test, a tendency toward 
increased expansion and loss in weight as the MgO content of the 


From the results presented in the preceding discussion the follow- 
ing conclusions are indicated: 


1. Strength: 


(a) The principal strength-giving constituents of portland cement 
are the tricalcium and dicalcium silicates. Tricalcium silicate not 
only contributed much of the strength at the early ages but con- 
tinued to be effective in increasing strength at the later ages also. 
Dicalcium silicate contributed little to strength up to about 28 days 
but was largely responsible for the increase in strength beyond this 
period. 

(b) Tricalcium aluminate contributed to strength to an important 
degree up to 28 days but its effect then diminished and became zero 
or negative at 1 and 2 years. 

(c) The réle of tetracalcium alumino ferrite is not so clearly 
indicated. It contributed to some extent to tensile strength after 
1 day and to compressive strength of plastic mortars of 1:2.75 mix 
and of concrete at the 28-day and later periods. 


2. Contraction in Air: 


Tricalcium silicate and dicalcium silicate contributed to approxi- 
mately the same degree to the total contraction, but to a much lesser 
degree than tricalcium aluminate and to a somewhat greater — 
than tetracalcium alumino ferrite. 
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3. Resistance to Sulfate Solutions: 


(a) Of the four major compounds, tricalcium aluminate appeared 
to be the only one which reduced the resistance of mortar and con- 
crete to 2-per-cent solutions of magnesium and sodium sulfate. How- 
ever, Specimens exposed for a period of 3 years showed good resistance 
to the magnesium sulfate solution when the tricalcium aluminate 


| 

content of the cement did not exceed 6 or 7 per cent and to the sodium tsa . . 

ilfate solution when it did not exceed 6 to 10 per cent. 7 i 

(b) In general, there was a noticeable decrease in the expansion a Pe 
f cylinders stored in the sulfate solutions with decrease in the tri- ae ‘ 
lcium aluminate content of the cement. Where the tricalcium = 

uminate content was 7 per cent or less the expansions during the ‘ ae 

2 years covered by the observations were not excessive. The expan- as 


sion in water also tended to decrease with decrease in tricalcium 
aluminate. 


Resistance to Freezing and Thawing: 


On the basis of the expansions and losses in weight exhibited by 
ncrete cylinders subjected to an accelerated freezing-and- diwiie 
est, the higher the total content of tricalcium and dicalcium silicate 

f the cement the greater the resistance of the concrete. On the © 
other hand, the greater the tricalcium aluminate and tetracalcium 
alumino ferrite content of the cement, the lower the resistance. The 
effect of tricalcium aluminate in lowering the resistance was indicated ah 
be considerably greater than that of the tetracalcium alumino i 

(a) Strength: 

Substitutions of MgO for CaO in the raw mix produced cements hess Ss 
which showed at all ages a gradual decrease in strength with increase _ yee re 
in MgO content. This apparent reduction in strength was largely § 
lue to the change in the relative proportions of tricalcium silicate 

id dicalcium silicate, and to some extent to the reduction in total 
licates with increase in MgO content. 

The addition of MgO in the raw mix, with the tricalcium silicate, Boe 
tricalcium aluminate and tetracalcium alumino ferrite in the finished = 
cement kept essentially constant, produced little effect on the strength | 
of either mortars or concrete except for MgO contents of 7 percent 
or more where decreased strength occurred at the 1 and 2-year 
periods. The reduction in total silicates resulting from the addition 

{ the MgO was a contributing factor to the loss in strength which — 
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(b) Expansion in Water: 
Concrete stored in water for 20 months showed increased expan- 


sion with increase in the MgO content of the cement, regardless of 
whether MgO was added to the raw mix or substituted for CaO. 


(c) Expansion in Sulfate Solutions: 

Concrete stored in 2-per-cent solutions of magnesium and sodium 
sulfate up to 20 months, exhibited excessive expansion where the 
MgO content was greater than 5 or 6 per cent in the case of concrete 
stored in magnesium sulfate, and when greater than 7 per cent in the 
case of concrete stored in sodium sulfate. rests: 


(d) Contraction in Air: ye 
When MgO was substituted for CaO in the raw mix, only small 


differences in total contraction occurred except for the highest per- 

centage. When MgO was added, there was a trend toward reduced 

contraction with increase in MgO. Changes in the proportions of the 

two silicates may have been a factor in these differences although the 

other data do not support this explanation. O 

Concrete subjected to alternate freezing and thawing showed a 


tendency toward increased expansion and greater | loss in weight as the 


MgO content of the cement increased. ip. agate 
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TABLE I.—OxipE ANALYSIS AND COMPUTED COMPOSITION OF CLINKERS. 


The cements in this table are 


arranged in descending 


genera 
Cement 


cringing, gypsum 
Titanium is considered as TiO: since its compound ia cement is not known. 


Pi 

As: 


|} 3.0) 0.5] 0.2 


6 


...| 24.5 | 2.1] 7.2 | 62.6} 3.0 | 0.5 | 0.2 | 16 | 58 | 16 | 


* These cements were double burned. 


No. 37..... 


— 
; 
19. 63 | 10 | 17 5 | 
38A°.....| 21. 61) 14) 14] 7 
Nel 20. 62/13) 14] 7 
20. 70| 5| 5| 17 0 
8.5 | 64.7] 4.2] 0.6 58] 10)17| 10 | 0| 4.: 
8.5 | 62.5| 5.2| 0.6 60} 3/12] 2 | O| & 
6.0 | 65.4 | 0.5 551/21) 11| 9 | O| 3. 
7.4 | 64.2| 0.6 56} 10] 17 | 0| 3. 
7.7 | 63.1| 3.21 0.6 51114| 9| 21 | O| 8. 
5.1 | 64.9| 3.0] 0.3 531/25) 7] 13 | 0] 3. 
5.1 | 66.0| 3.0/0.4 55|20| 7| 12 | 3. 
5.0 | 65.1 | 2.9] 0.4 6] 13 | 2. 
Pa; - 5.2 | 65.3 | 2.8/0.4 57|20| 6| 13 | O| 2. 
4.2| 65.1] 0.2} 56|23| 3] 14 | 3. 
4.1 | 65.3 | 0.3 | 59/20; 3| 15 | 0] 3. 
64.2| 3.1] 0.2 51|28| 2| 15 | 0| 3. 
3.1 | 64.2] 3.0| 0.2 51/29} 0| 15 | 2| 3 
3.3 | 64.5 | 3.2/0.2 56} 24) 0| 16 | 1] 3. 
| | 3.4 | 64.5 | 3.1/0.3 56} 24| 0| 16 | 1] 3. 
Dupl..) 21.6) 1.2] 8.2] 65.6) 2.9)0.5|02) 45 | 20,; 4) 2. 2 
Now 21.9] 1.2] 7.7 | 66.1) 2.8 | 0.5 | 1.4 | 43 | 27 | 18 4 0} 2. 4 
No, QB......| 21.5] 2.2] 7.5 | 65.2] 3.0/0.5] 0.3) 47| 7 | O| 3. 3 
No. 8Dupl..| 22.4] 2.3] 7.0] 64.7| 3.1/0.5 |0.1 | 33/15! 7 | O} 3. A 
Dupl.| 22.5| 2.2] 6.9] 65.0] 2.9|0.5|0.2/ 7 | 2. 2 
21.5] 2.3] 7.0] 65.8] 2.9/0.5) 2.1) 45 | 28/15) 7 | 0} 1 
No, 47........) 20.8] 31] 7.8] 64.8] 3.0/0.6] 0.2] 48) 24/15] 9 | 3. 2 
No. 19.9] 4.9] 8.0] 63.5] 3.2) 0.5/0.3] 45 | 23) 13) 15 | 3. 3 
2200002...) 20.8] 3.9] 7.1] 64.0] 2.8) 0.4) 0.1] 41 | 32) 12] 12 | 2. 1 
No, 4.1] 7.0] 64.0] 28104] 42/30/12) 13 | 0} 2. 0 
No. 34........| 23.4] 3.1] 6.3] 65.5] 1.4/0.4/0.2/ 41/36/11] 9 | 0} 1. 2 
No. 22.3] 8.1] 6.2] 63.2) 4.9104/0.2) 41/33/11] 9 | O} 4. 2 
No. 22.7] 3.2] 6.1] 64.4] 3.1/0.5 | 43/33/11] 10 | 0} 3 3 
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No. 32... ...| 23. 710.3] ©0|36|40|10| 9 
No. 21...8...| 20. 810.4] 30| 10) 17 
No. 14...8...| 22. 810.4) 387/38] 7| 15 
No. 13...8...| 20. 710.4] 0} 38/31) 7] 21 
No, 21. 810.4} 38/33] 5| 20 
No, 17... ...| 23] 910.3| 3] 18 
No. 51.....| 25, 310.3| 45) 2] 13 
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TABLE V.—ComPressive STRENGTH OF 2-IN. PLasTIC Mortar CuBES OF 1:4.25 Mix BY WEIGurT, 


general each s th value is the gone of 3 tests 
ley other details, see Tables III and VI 
Compressive Strength at Age Indicated, lb. per sq. in. 
Stored in Moist Stored in Moist Room 28 Days, Remainder as Indicated F: 
Cement Room ; 
" = In 2 per cent MgSO; Solution In 2 per cent Na2SO, Solution 
> 
3 
| 3months®? | tLyear® | 2 years? 3months> | year? | 2 yeargd 
Computep C33 Conrent Asove 60 PER CENT 
No. 104¢...... 70} 420) 800)1360 Disintegrated | Disintegrated | Disintegrated | Disintegrated | Disintegrated | Disintegrated 
No. 102¢...... 1230) 1820 ‘integrated integra’ integra’ integrated 
No. 38A2..... 170} 690} 1430} 1960 1100(51) Disintegrated | Disintegrated 1400(68) Disintegrated | Disintegrated 
No. 58*....... 210|610} 1190] 1850 2180| 1320(63) Disintegrated | 1550(75) Disintegrated | Disintegrated 
No. 108¢...... 170} 550) 1070} 1730 ...-| 1360(77) i 1260(71) Disintegrated integrated 
150/600} 980! 1610)2090 2330 109) 2710 2550(109) 2160(103) 2740(122) 2740(118) 
170/670) 1040) 1490 2230(118) 2140(113) 9380(115) 
Compurep C38 Content 51 To 60 CENT 
No. 100¢...... 150] 560) 1050 1460}. ... (59) Disintegrated 930(62) Disint -zrated Disintegrated 
No. 105¢...... 80}310) 490 1560}... . 760(52) Disintegrated 880(60) isin’ Disintegrated 
No. 40%....... 920 2220/2610) 1880(83) 1300(59) Disintegrated | 1640(72) _720(32) Disintegrated 
No. 101....... 920 1450}... . 980(60) Disintegra Disintegrated | 1090( Disintegrated | Disintegrated 
No. 49........ 130}440} 770 1350}1300| 1190(78) Disin’ Disintegrated | 1510(99) 250(16) Disintegrated 
480 2510)2410| 2950(108) 1730(69) 1470(61) 2690(99) 2860(114) 2060(86) 
230/570) 820 1900}....| 2230(114) 2070(106) 1980(104) | ........... 
No. 50........ 140/460} 640 2080}2260} 2090(123) 2180(105) 2090(92) 1900(112) 2260(109) 2360(104) 
No. 60A ...... 870 2160|....| 2260(115) 2410(123) 2240(104) | ...... 
40} 470} 720 2850/2920} 2700(109) 2880(101) 2630(106) 3080(108) 3190(109) 
48. 100}480| 690 2010/}2180} 1910(110) 2260(112) 2520(115) 1810(105) 2450(122) 2650(122) 
No. 5B Dupl. .|130)410) 580 1790}2120| 1750(114) 2140(120) 2650/ 125) 1670(109) 2220(124) 2520(119) 
750 2740)2690| 2240(106) 1 2990(111) 2360(112) 2930: 109) 3130(116) 
170}550} 830 2050}2210} 2100(109) 2410(118) 2400(109) 2070(107) 2280( 111) 2490(113) 
110/430) 620 2130|2290| 1900(113) 2350(110) 27101118) 1920(114) 2310108) 2540(111) 
Computep C38 Content 41 To 50 pga cant 
1240 2270| 1660(72) Disintegrated | Disintearated | 1830(80) Disintegr ated | Disintegrated 
1200 1/2210} 1350(56) Disintegrated | Disintegra: 2030(84) Disintegrated | Disintegrated 
1150 2480/2460} 1410(53) Disintegrated | Disintegrated | 2140(80) Disintegrated | Disintegrated 
1010 2850} 1900(67) Disintegrated | Disintegrated | 2120(75) 970(39) Disintegrated 
940 2330/2290} 860(36) Disintegrated |-Disintegrated integra Disintegrated 
850 ....| Disintegrated | Disintegrated | Disintegrated | 1300(66) Disintegrated | Disintegrated 
860 2070| Disintegrated | Disintegrated | Disintegrated | Disintegrated | Disin' Disintegrated 
750 1650} 920(52) Disintegrated | Disintegrated | 1380(78) Disintegrated | Disintegrated 
860 2530) 1790(71) Disintegrated | Disinetgrated | 1950(78) Disintegrated | Disintegrated 
860 2560}2770| 1980(81) Disintegrated | Disintegrated (93) Disintegrated | Disintegrated 
710 2630} 2750|2570| 1710(65) Disintegrated | Disintegrated 2510(95) Disintegrated | Disintegrated 
770 2240} 2410/2310} 1320(59) Disintegrated | Disintegrated 1980(88) Disintegrated | Disintegrated 
880 2900 (77) Disintegrated | Disintegrated | 2530(87) Disintegrated integrated 
760 2890} 2140(87) Disintegrated | Disintegrated | 2530(102) | Disintegrated | Disintegrated 
820 2600} 2030(88) Disintegrated | Disintegrated | 2410(104) 900(34) 
900 2300} 1920(77) Disin isin Disintegrated 
680 2680} 2210(102) 1460(57) Disintegrated | 2250(104 280(11) Disintegrated 
740 1730|1570} 1170(76) Disintegra‘ Disintegrated | 1510(97) Disintegra Disintegrated 
820 2850 2910(115) i Disin 2570(102) 2230(78) ae 
820 2720\2740| 2400(102) : ) 1 69) 2310(98) 2700(99 2610(95) 
640 2840/2560) 2660(99) 2810(99) 2840(111) 2740(102) 3110(109) 3120(122) 
730 2630(99) 1900(62) 1 58) 98) 2960(96) 2440(80) 
640 3140} 2690(107) 3130(104) 2770(88) 106) 3360(112) 3400(108) 
660 2700} 2240(105) 2820(11 2250(106) 2850(115) 3160(117) 
550 2610} 1960(100) 2750(104) 2750(105) 2030(103) 2500(95) reste 
730 2670} 2260(102) 3010(115) 2780(104) 2370(107) 2930(112) 3160(118) 
500 2890} 2460(96) 3060(108) 3250(112) 2490(97) 3060( 108) 3500(121) 
530 2510} 2140(103) 2690(114) 2810(112) 2110(101) 2610(111) 2960(118) 
400 2800} 2270(105) 2950(105) 2990(107) 2250(104) 3170(113) 3060(109) 
440) 1 2720) 2600 2980(110) 2650(102) 1940(103) 3020(111) 2890(111) 
510 3120) 2180(102) 3310(111) 3310(106) 2270(107) 3360(112) 3340(107) 
Computrep C35 Content 31 To 40 PER CENT 
580) 1350) 2090) 2070;2200| 1480(71) Disintegrated | Disintegrated | 1950(93) Disintegrated | Disintegrated 
480 ...-| 780(39) Disintegrated | Disintegrated | 1820(91) Disintegrated | Disintegrated 
530 2290} 1780(86) Disintegrated | Disintegrated | 2010(97) 990(42) 
620) 1580} 2630|2850}2730| 1880(71) isi Disin 2600(99) Disintegrated | Disintegrated 
830 2260( 100) 1470(64) 1260(56) 2330(103) 2350(102) 2190(98) 
700) 1500) 2460) 2680) 2770 1500(56) 1220(44) 2750(112) 2530(94) 2030(73) 
600 2680) 2590 110) 2060(77) 1950(75) 2200( 106) 2810(105) 2530(98) 
520 2510}2610} 2250(98) 2840(113) 2800(10 103) 2930(117) 3280(126) 
620 2830| 2330(105) 2870( 100) 3350(118) 105) 2950(103) 3430(121) 
430 2560) 1 104) 2860(119) 2610(102) 1800(94) 2640(110) 2800(109) 
450 2870|2770 109) 3210(112) 2570(93) 2380(107) 3150(110) 3490(126) 
Compurep C38 Conrent 21 To 30 par CENT 
No. 8%........ 80/340 50/2610 Disin 2130(85) Disintegrated 
240} 390) 1170 102) 9) 2240(81) 109) (99) 2670(96) 
No. 43........ 21 = 5000 106) 2470(109) poet 2210(112) 2510(111) 118) 
1 2170 2260(104) 2850(105) 2980(11 2280(105) (95) 3030(112) 
Computep C35 Content 21 PER CENT 
No. 1100780 380) _1930(86) Disintegrated | Disintegrated | 2320(103) | Disintegrated | Disintegrated 


were double burned. 


men red in water ad the 


same age. 


TABLE VI.—RATINGS OF 2-IN. PLAsTIC MorTAR CuBES OF 1:4.25 Mrx STorED 
IN SULFATE SOLUTIONS. 
For computed compositions and other details see notes accompanying Tables I, III and V. 


Ratings After Storage in Sulfate Solutions for Periods Indicated 
c In 2 per cent MgSO, Solution In 2 per cent NaeSO, Solution 
6 13 23 6 13 2} 
b 2 
1 year® yr. | 2 years 23 | 3 years 1 year? yr.| 2 years? years” 
Coxfputep C35 Content Asove 60 PER CENT 
2.5) 0(2.5) 0} 0(2.5) O| 0(2.5) } 0.2; 0(0.2) 0(0.2) 0} 0(0.2) 
No. 102¢....| 2.7] 0(2.7) |  0(2.7) 0} 0(2.7) | 2.4] 0(2.4) 0} 0(2.4) 0} 0(2.4) 
No. 838A... | 4.0 0(4.0) 0 0(4.0) 0 0(4.0) | 1.2 0(1.2) 0 0(1.2) 0} 0(1.2) 
No. 58¢..... 4.9 0(4.9) 0 0(4.9) 0 0(4.9) | 1.5 RH) 0 0(1.5) 0} 0(1.5) 
10 | 9.2(19.2)| 9.0) 9.0(37.2)] 9.0) ......... 10 |10 (20.0)| 9. i 9.0(38.1)| 9.0)......... 
No. 62¢..... 9.9] 9.9(19.8)1 9.3] 10 (20-0) |10 
ComPuTeD GS Convent 51 To 60 PER CENT 
No. 100¢.... | 3.0 0(3.0) 0 0(3 .0) 0 0(3.0) | 0.2} 0(0.2 0 0(0.2) 0; 0(0.2) 
No. 105¢....| 3.4) 0(3.4) 0} 0(3.4) 0} 0(3.4) | 2.7 2. 0} 0(2.7) 0} 0(2.7) 
No. 40¢..... 9.2) 7.8(17.0)} 1.2] 0(18.2) 0} 0(18.2)} 7.8) 1.9(9.7) 0} 0(9.7) 0} 0(9.7) 
3.6) 0(3.6) 0} 0(3.6) 0} | 2:4 2.4) 0} 0(2.4) 0} 0(2.4) 
No. 49...... 7.5] 2.2(9.7) 0} 0(9.7 0} 0(9.7) | 8.9) 7.9(16.8)| 1.5} 0(18.3) 0} 0(18.3) 
No. 94.. 10 | 9.9(19.9)| 9.0) 9.0(37.9) | 9.0) 9.0(55.9) |10 [10 (20.0)| 9.4) 9.0(38.4) | 8.9|8.4(55.7) 
No. 69...... 9.5) 9.1(18.6)| 9.0) 9.0(36.6)] ...] ......... 9.3} 9.0(18.3)| 9.0) 9.0(36.3)] ...]......... 
No. 60A. 9.9) 9.5(19.4)) 9.0) .........] .. Bik. 
No. 10¢..... 10 | 9.8(19.8)| 9.0) 9.0(37.8)| 9.0) 9.0(55.8)|10 {10 (20.0)| 9.8) 9.2(39.0) | 9.0)9.0(57.0) 
No. 44...... 10 |10 (20.0)) 9.4) 9.0(38.4)| ......... 10 |10 (20.0)}/10 |10 (40.0) ...}......... 
No. 5B Dupl./10 |10 (20.0)}10 | 9.5(39.5)] ......... 10 |10 |10 (40.0)| ...)......... 
10 | 9.8(19.8)| 9.0) 9.0(37.8)| 9.0) 9.0(55.8)|10 |10 (20.0)|10 | 9.7(39.7)| 9.0|9.0(57.7) 
No. 46...... 10 9.4(19.4)| 9.0) 9.0(37.4)| 9.0) ......... 10 {10 (20.0)|10 |10 (40.0)| 9.0)......... 
No. 61...... 9.3| 9.2(18.5)| 9.0) 9.0(36.5)| ...] ......... 9.3) 9.0(18.3) | 9.0] 9.0(36.3)1 ...]......... 
ComPuTED GS Conrar 41 To 50 PER CENT 
No. 1 Dupl..| 6.0) 0.6(6.6) 0} 0(6.6) 0} 0(6.6) | 6.0 0} 0(7.1) 0(7.1) 
6.0}  0(6.0) 0} 0(6.0) 0} 0(6.0) | 4.0) 0(4.0) 0} 0(4.0) 0} 0(4.0) 
LS eRe 6.2 0(6.2) 0 0(6.2) 0 0(6.2) | 4.0 0(4.0) 0 0(4.0) 0} 0(4.0) 
No. 8 Dupl..| 5.0) 0(5.0) 0} 0(5.0) 0} 0(5.0) | 3.5) 0(3.5) 0} 0(3.5) 0} 0(3.5) 
No. 2B Dup 7.4] 1.0(8.4 0} 0(8.4) 0} 0(8.4) | 8.1] 0.4(8.5) 0} 0(8.5) 0} 0(8.5) 
No. 57...... 3.8}  0(3.8) 0} 0(3.8) 0} 0(3.8) | 3.7) 0(3.7) 0} 0(3.7) 0} 0(3.7) 
No. 47...... 4.5} 0(4.5) 0} 0(4.5) 0} 0(4.5) | 4.8) 0.5(5.3) 0} 0(5.3) 0} 0(5.3) 
No. 48...... 3.8] 0(3.8) 0} 0(3.8) 0} 0(3.8) | 3.2) 0(3.2) 0} 0(3.2) 0} 0(3.2) 
NO. 6.2) 0.6(6.8) 0 0} 0(6.8) | 4.8) 0.1(4.9) 0} 0(4.9) 0} 0(4.9) 
No. 20...... 7.5) 0.6(8.1) 0} 0(8.1) 0; 0(8.1) | 8.8) 0.8(9.6) 0} 0(9.6) 0} 0(9.6) 
No. 34...... 5.7 0} 0(6.2) 0} 0(6.2) | 5.6) 0.5(6.1) 0} =0(6.1) 0} 0(6.1) 
No. 35..... -| 5.3] 0(5.3) 0} 0(5.3) 0} 0(5.3) | 4.7 0} 0(5.2) 0} 0(5.2) 
No. 3B ....| 5.0} 0(5.0) 0} 0(5.0) 0} 0(5.0) | 4.0} 0(4.0) 0} 0(4.0) 0} 014.0) 
No. 3B Dupl.| 4.8} 0(4.8) 0} 0(4.8) 0} 0(4.8) | 5.0} 0(5.0) 0} 0(5.0) 0} 05.0) 
No. 28...... 8.2) 3.8(12.0) 0} 0(12.0) 0} 0(12.0)| 9.9) 4.2(14.1)| 1.8) 0(15.9) 0} 0(15.9) 
No. 31...... 5.6 0(5.6) 0 0(5.6) 0 0(5.6) | 5.8) 0.6(6.4) 0 0(6.4) 0} 0((6.4) 
No. 53¢..... 9.3} 5.0(14.3) 0; 0(14.3) 0 0(14.3) | 9.5) 8.3(17.8) | 5.1) 1.1(24.0)] ...]......... 
No. 54...... 6.0) 0.6(6.6) 0} 0(6.6) 0 0(6.6) | 5.0 0(5.0) 0 0(5.0) 0} 0(5.0) 
No. 16...... 9.6) 7.5(17.1)| 1.2 0(18.3) 0 0(18.3) | 10 8.6(18.6) | 1.8 0(20.4 0} 0(20.4) 
No. @2...... 10 9.6(19.6) | 9.0) 9.0(37.6)| 9.0) 9.0(55.6) |10 9.8(19.8) | 9.6) 9.2(38.6) | 9.119.0(56.7) 
9.4(19.4) | 9.0) 9.0(37.4)| 9.0) ......... 1 9.8(19.8) | 9.7] 9.3(38.8) | 9.0)......... 
10 (20.0)}10 (40.0)| 9.0) 9.0(58.0)|10 [10 (20.0) 9.0(39.0) | 9.0)9.0(57.0) 
9.6(19.6) | 9.0} 9.0(37.6) | 9.0) 9.0(55.6) |10 9.8(19.8) | 9.5) 9.1(38.4) | 9.0)8.7(56.1) 
9.4(19.4) | 9.0). 9.0(37.4)| 9.0) ... 9.9(19. 9 9.2(38.8) | 9.0)......... 
0} 9.0(18.0)| 9.0) 9.0(36.0)| ... 10 (20.0)|10 {10 (40.0)| ...)......... 
9.6(19.6) | 9.0} 9.0(37.6)| 9.0 9.8 9:3) 9.0(38.1) | 9.0/9.0(56.1) 
9.4(19.4) | 9.0) 9.0(37.4)| 8.9 9.7) 9.7(89.3) | 9.7)......... 
9.4(19.4) | 9.0} 9.0(37.4)| 9.0 1 a 9.0) 9.0(38.0)| 9.0)......... 
10 (20.0)| 9.4) 9.3(38.7)| 9.1] 9.0(56.8) |10 [10 (20.0)| 9.7] 9.1(38.8)| 9.0/9.0(56.8) 
10 (20.0)| 9.8) 9.3(39.1)| 9.1) 9.0(57.2)|10 {10 (20.0) 9.3(39.3) | 9.1 
9.6(19.6) | 9.0! 9.0(37.6) | 9.0! 9.0(55.6) 110 9.8(19.8) | 9.41 9.4(38.6) | 9.319.0(56.9) 
Computep C35 Content 31 To 40 PER CENT 
7 0 0(8 .3) 0 0(8.3) | 9.4) 3.0(12.4) 0 0(12.4) 0} 0(12.4) 
-1| 0.4(4.5) 0 0(4.5) 0 0(4.5) | 7.8) 0.6(8.4) 0 0(8.4) 0} 0(8.4) 
.8) 4.4(13.2) 0 0(13 .2) 0 0(13 .2) |10 8.5(18.5) | 2.5 0(21.0) 0} 0(21.0) 
9 0(5.9) 0 0(5.9) 0 0(5.9) | 8.8) 2.1(10.9) 0 0(10.9) 0} 0(10.9) 
9.6(19.6) | 9.0) 8.0(36.6)| 1.4) 0(38.0) 9.5) 9.0(38.3) 9.0)......... 
9.6(19.6) | 9.0} 8.0(36.6) | 6.6) 6.2(49.4) |10 | 9.8(19.8)| 9.1) 9.0(37.9) | 8.3]6.6(52.8) 
9.8(19.8) | 9.0} 9.0(37.8) | 9.0) 9.0(55.8) |10 |10 (20.0)| 9.7] 9.1(38.8) | 9.0/8.1(55.9) 
9.6(19.6) | 9.0} 9.0(37.6)| 9.0) ......... 10 | 9.8(19.8)| 9.7] 9.3(88.8) | 9.0 
9.4(19.4) | 9.0] 9.0(37.4) | 9.0] 9.0(55.4) |10 | 9.8(19.8)| 9.7) 9.4(38.9)]| 9.2/9. 
9.0(19.0) | 9.0] 9.0(37.0)| ...] ......... 10 {10 (20.0))10 |10 (40.0)] .. 
10 (20.0)|10 410 (40.0) 9. 4 9.0(58. 4) 110 110 (20.0) 110 9.0(39.0) | 9. 
Computep C35 Content 21 to 30 per cENT 
6.0 0(6.0) 0} 0(6.0) 0 0(6.0) | 5.0] 2.8(7.8) 0} = 0(7.8) 
9.2(19.2) | 9.0) 9.0(37.2)} 8.8] ......... 10 {10 (20.0)| 9.3) 9.2(38.5)| 9. 
9.4(19.4) 0} 9.0(37.4)| 9.0) ......... 10 |10 (20.0)|10 |10 (40.0)} 9. 
9.0(19.0) 9.0(37.0) | 9.0) ......... 10 | 9.9(19.9)| 9.9} 9.8(39.6)| 9. 
C38 Content Betow 21 per CENT # 
| 0.7(7.9) | OF 0(7.9) | O}| 0(7.9) | 8.3) 1.7020.0)| 0(10.0)| Oj........ 
© fastens” the cums of all tho individeal 
ues in are “durability rs” and are the sums of all the individu up to and includ- — 
ing the period indicated. i 
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TABLE VIII.—RatiNnGs OF 1:3 ge SAND BRIQUETS STORED IN SULFATE SoLutioys, 
For details of tests see notes enenmneying 


Table 
For SS of cements see Table I, and for kh strengths of briquets see Table VII. 


Ratings After Storage in Sulfate Solutions for Periods Indicated 


BRoarations REPRESENTING RELATION BETWEEN THEORETICAL COMPOUND 


Cement In 2 per cent MgSOs Solution In 2 per cent NasSO, Solution 
6 1} > b 
months| ! year? 2 years aR | 3 years | 1 year 2 years? | 3 
Computep C38 Conrent Anove 60 PER CENT 
. 102¢, 9.2 | 6.8(16.0) | ... | ......... 
. 58¢,.. 9.3 | 7.4(16.7) | 1.5 0(18 .2) 0 0(18.2) | 10 9.5(19.5) | 8.0 | 6.7(34.2) | 20. | 
10 9.4(19.4) | 9.0 | 9.0(37.4) | 8.0] ......... 10 10 (20.0) |10 10 (40.0) {10 
Computep C38 Content 51 To 60 PER CENT 
105¢..... 5.6 0(5 .6) 0 0(5.6) 7.3 1.1(8.4) 0 0 0(8.4) 
10 7.0(17.0) | 1.6 0(18 . 6) 10 9.7(19.7) | 9.7 | 9.2(38.6) oe 
* Sees 9.9 | 9.2(19.1) | 3.8 | 0.7(23.6) 10 (20.0) | 9.8 | 8.5(38.3) | ... | ......... 
~ Jee 10 10 (20.0) | 9.0 | 9.0(38.0) 10 10 (20.0) |10 {10 (40.0) |10 9.7(59.7) 
9.6 | 9.0(18.6) | 8.6 | 8.2(35.4) 10 10 (20.0) |10 0.08.9) 1... | 
Y ees 10 10 (20.0) | 9.0 | 9.0(38.0) 10 10 (20.0) |10 |10 (40.0) |10 {10 (60.0) 
0 9.0(19.0) | 9.0 | 8.9(36.9) 10 10 (20.0) |10 
5B Dupl.| 10 9.8(19.8) | 9.1] ......... 10 
ote ile 10 10 (20.0) | 9.0 | 9.0(38.0) 10 10 (20.0) |10 10 (40.0) |10 10 (60.0) 
aS 10 9.5(19.5) | 9.0 | 9.0(37.5) 10 10 (20.0) |10 10 (40.0) |10 bcedcaua 
9.9 9.7(19.6) | 8.6 | 8.1(36.3) 10 (20.0) |10 10 (40.0) 
ComPuTsD Gs Content 41 To 50 per CENT 
1 Dupl. 9.2 3.8(13.0) ; 0.3 0(13 .3) 0 0(13.3) | 10 9.3(19.3) | 8.6 | 6.9(34.8) | 4.1] 2.0.0... 
< oaaln tha 9.5 | 3.9(13.4) | 1.3 | 0.7(15.4) 0 0(15.4) 9.8 8.0(17.8) | 6.1 | 5.4(29.3) | 5.1 | 2.9(87.3) 
Rs 9.6 | 2.5(12.1) 0 0(12.1) 0 0(12.1) 9.8 7.2(17.0) | 6.0 | 4.0(27.0) | 1.2 0(28.2) 
8 Dupl. 9.5 5.9(15.4) | 1.8 0(17.2) 0 0(17.2) 9.9 9.1(19.0) | 7.5 | 4.7(31.2) | 3.2] ......... 
o. 2B Dupl.| 10 6.3(16.3) | 2.1 0(18 .4) 0 ae 10 10 (20.0) |10 9.8(39.8) a 
6.6 | 0.2(6.8) 0 0(6.8) 0 0(6.8) 9.6 | 8.3(17.9) | 5.2] ......... 
> Soe 5.9 | 1.1(7.0) 0 + ay 0 0(7.0) 9.3 | 8.2(17.5) | 3.2 0(20.7) 0 0(20.7) 
9.8 | 7.0(16.8) | 0.6 0(17.4) 0 0(17.4) 9.9 | 9.5(19.4) | 6.6 | 4.5(30.5) | ... 
* ee 9.8 | 6.1(15.9) | 1.1 0(17.0) 0 0(17.0) | 10 9.6(19.6) | 7.8 | 5.7(33.1) | 2.7 | 1.0(86.8) 
5 er 9.6 | 5.1(14.7) | 0.4 0(15.1) 0 0(15.1) | 10 9.6(19.6) | 8.8 | 8.3(386.7) | 3.3 | 3.3(43.3) 
10 9.0(19.0) | 5.2 | 3.0(27.2) | 0.8] ......... 10 10 (20.0) |10 6.0) 
, 9.6 | 3.8(13.4) 0 0(13 .4) 0 0(13.4) | 10 9.2(19.2) | 6.2 | 0.2(25.6) 0 0(25.6) 
. Vee 9.8 | 7.0(16.8) 0 0(16.8) 0 0(16.8) | 10 9.7(19.7) | 8.2 | 4.8(32.7) | 3.3 | 3.0(89. 
. 3B Dupl.| 9.9 | 6.4(16.3) | 3.0 0(19.3) 0 0(19.3) | 10 9.4(19.4) | 6.2 | 3.7(29.3) | 2.0 | 1.5(32.8) 
10 9.0(19.0) | 9.0 | 9.0(37.0) | 7.3] ......... 10 10 (20.0) |10 |10 
10 8.9(18.9) | 5.5 | 2.3(26.7) 0 0(26.7) | 10 10 (20.0) |10 (40.0) |10 | ........ 
9.6 7.3(16.9) | 1.0 0(17.9) 0 0(17.9) | 10 10 (20.0) | 9.5 | 9.2(38.7) | ... ......... 
% eye 10 9.7(19.7) | 8.5 | 6.0(34.2) | 5.1] ......... 10 10 (20.0) |10 |10 (40.0) | 9.9] ......... 
+ 10 9.6(19.6) | 9.0 | 9.0(37.6) | 8.3 | 8.0(53.9) | 10 10 (20.0) |10 10 (40.0) |10 10 (60.0) 
" 10 9.5(19.5) | 9.0 | 9.0(37.5) | 8.0] ......... 10 10 (20.0) |10 10 (40.0) |10 | ......... 
4 aS 10 10 (20.0) | 9.4 | 8.7(38.1) | 8.7 | 7.0(53.8) | 10 10 (20.0) |10 9.8(39.8) | 9.7 | 9.3(58.8) 
4 “Re 10 9.6(19.6) | 9.0 He 5 8.3 | 8.0(53.9) | 10 10 (20.0) |10 10 (40.0) |10 10 (60.0) 
. ae 10 9.5(19.5) | 9.0 | 9.0(37.5) | 8.3] ......... 10 10 (20.0) |10 10 (40.0) |10 | ......... 
No. 50¢...... 9.9 9.4(19.3) | 8.9 | 8.7(36.9) | ... ......... 10 10 (20.0) |10 9 (60.0) | 
+ oe 10 9.7(19.7) | 9.0 | 9.0(37.7) | 8.3 | 8.0(54.0) | 10 10 (20.0) |10 |10 (40.0) |10 {10 (60.0) 
. 10 9.5(19.5) | 9.0 | 9.0(37.5) | 8.7] ......... 10 10 (20.0) |10 10 (40.0) |10 | ......... 
. a. 10 9.4(19.4) | 9.0 | 9.0(37.4) | 8.0] ......... 10 10 (20.0) |10 10 (40.0) |10 | ......... 
. ee 10 10 (20.0) | 9.3 | 9.0(38.3) | 9.0 | 8.1(55.4) } 10 10 (20.0) |10 10 (40.0) |10 10 (60.0) 
“ Rees 10 10 (20 9.3 | 9.0(38.3) | 8.8 | 8.1(55.2) | 10 10 (20.0) |10 |10 (40.0) |10 |10 (60.0) 
. See 10 9.7(19.7) | 9.0 | 9.0(37.7) | 8.5 | 8.0(54.2) | 10 10 (20.0) {10 9.9(39.9) | 9.9 | 9.9(59.7) 
Compurep C35 Content 31 To 40 PER CENT 
ae ee 9.0 6.0(15.0) | 2.6 0(17 .6) 0 0(17.6) | 10 10 (20.0) | 9.9 | 9.9(39.8) | 9.2) ......... 
30A..... 8.3 2.2(10.5) 0 0(10.5) 0 0(10.5) | 10 oon 
batwaa 9.7 6.9(16.6) | 3.0 | 1.2(20.8) 0 0(20.8) | 10 (20.0) |10 10 (40.0) |10 os sae 
10 8.9(18.9) | 5.0 | 2.5(26.4) 0 0(26.4) | 10 10 (20.0) |10 10 (40.0) |10 
Ras obs 10 9.6(19.6) | 9.0 | 8.3(36.9) | 5.5 | 5.2(47.6) | 10 10 (20.0) |10 10 (40.0) |10 10 (60.0) 
ar Op 10 9.7(19.7) | 8.9 | 8.7(37.3) | 0.2 0(37.5 10 10 (20.0) |10 10 (40.0) |10 10 (60.0) 
s acwthied 10 9.7(19.7) | 9.0 | 9.0(37.7) | 8.1 | 6.3(52.1) | 10 10 (20.0) |10 10 (40.0) |10 10 (60.0) 
a 10 9.5(19.5) | 9.0 | 9.0(37.3) | 8.0] ......... | 10 10 a4 10 10 (40.0) |10 
es 10 9.7(19.7) | 9.0 | 9.0(37.7) | 8.3 | 8.0(54.0) | 10 10 (20.0) |10 0 (40.0) 110 |10 (60.0) 
10 9.8(19.8) | 8.9 | 8.7(37.4) | ... | ......... | 10 10 (20.0) |10 
5B.. 10 10 (20.0) | 9.4 | 8.7(38.1) | 8.7 | 8.0(54.8) | 10 10 (20.0) |10 {10 (40.0) |10 {10 (60.0) 
Compvrep C38 Content 21 To 30 PER CENT 
bnaverd 9.6 | 0.7(10.3) 0 0(10.3) 0 0(10.3) 9.8 | 7.5(17.3) | 4.4 | 1.3(23.0) 0 0(23.0) 
10 9.0 | 9.0(37.5) | 8.2} ......... | 10 (20.0) [10 [10 (40.0) |10 
Serene 10 9.5(19.5) | 9.0 | 9.0(37.5) | 9.0) ......... | 10 10 (20.0) |10 |10 (40.0) |10 ee 
10 9.9(19.9) | 9.0 | 9.0(37.9) | 9.0] ......... 10 10 (20.0) |10 10 (40.0) 410 


Computep C38 Content Betow 21 PER cENT 


9.0 | 2.8(11.3) | 


0 | 


0(11.3) | 


0 | 


O(11.3) | 9.5 


| 4.6(14.1) | 1.7 | 0(15.8) | 0(15.8) 


© These cements were double burned. 
Values in factors” and are the sums of all the individual ratings up to and 
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Mr. R. H. Bocue.!—It is of interest to understand why the con- 
cept of computed compound composition of cements has not been 
generally applied in the cement industry until relatively recently. 
It was not until Rankin and Wright, at the Geophysical Laboratory, 
made studies of the phase-equilibria of the lime-alumina-silica 
system that data were gathered which permitted an understanding of 
what the composition must be of systems similar to portland cement. 
One reason is the natural complexity of the material; another the 
finely divided state of the crystalline material in the cement clinker 
and the impossibility of taking a piece of that clinker, shaving off a 
particular crystal and analyzing it to find out what it is: One could 
examine those materials under the microscope and determine their 
optical properties, but there was no means of arriving at a knowledge 
of their composition except by the unsatisfactory method of attempting 
to make a material which would have those same optical properties. 

But that aspect was changed with the advent of the study by 
Rankin and Wright. Their study of the lime - alumina-silica system 
was and remains the classic upon which scores of investigations on 
other systems have been based. In that study they showed that tri- 
calcium silicate, dicalcium silicate and tricalcium aluminate are the 
stable phases in the region of portland cement. They used the 
microscope as a basis for identification, but even then there was 
considerable dissension because, for example, tricalcium silicate could 
not be obtained by crystallization from a melt of the two components. 
There were other differences of opinion brought out by German 
chemists. Janecke did not believe that tricalcium silicate could 
exist in portland cement, even though it were defined by Rankin as | 
a stable phase in these three components of the lime - alumina-silica 
system. He believed the principal compound of cement to be 
8CaO-Al,0;:2SiO.. Others believed it to be a solid solution of 
aluminates in silicates and still others a solid solution of lime in _ 
dicalcium silicate. 

The work started by Rankin and continued by Bates, at the 
Bureau of Standards, and later by our own staff has demonstrated 
conclusively that the “alite”’ or principal compound of portland cement 


1 Research Director of the Portland Cement Assn. Fellowship at the National Bureau of Standards, 
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is tricalcium silicate. Following a correspondence with Janecke, ae at 
I sent him some of our material, and about a year later he gra 
ciously published a paper in which he agreed with our i ll 
and admitted that tricalcium silicate is the principal compound in 
portland cement. Shortly thereafter, Guttman and Gille, leading 
cement chemists of Germany, said in a paper, ‘‘ At last the 50-year-old 
problem of the constitution of cement, as to what is alite, is settled.” 

The criteria upon which cement compounds may be computed 
are based on evidence obtained by microscopic, X-ray and chemical 
methods. I might say a word about the adequacy, together with 
the failings, of our newest tool, the X-ray method. Unfortunately, 
we cannot say with certainty that a failure to obtain an X-ray diffrac- 
tion pattern of a compound means that there is none of that particular 
compound present.. If we fail, for example, to get the pattern of 
tricalcium aluminate from a cement, we cannot say it is not there, 
because it takes a certin amount of material to give a pattern strong 
enough to be identified in conjunction with the other materials 
present. That is its failing, but its tremendous advantage, an ad- 
vantage which it has over the microscopic method, is that once you 
do obtain the pattern, there is no uncertainty; you know that the 
compound is present in an amount equal to or greater than a certain 
established amount. Some compounds, like lime, can be detected 
when present in amounts of 2 or 3 per cent; tricalcium aluminate 
requires about 6 per cent, and some other compounds require even 
more. 

I think it is of particular interest that, in these data which Mr. 
Gonnerman has presented, there is such a beautiful confirmation of 
our fundamental concept that the properties of a cement must be a 
function of the compounds present rather than of the components, 
just as the properties of a salt solution are functions of the sodium 
chloride present and not of the sodium or chlorine as such. 

The chief criticism that has been directed against the application 
of the concept of the compound composition to commercial clinkers 
is that there are occasional commercial cements whose properties 
are not in line with those anticipated by the computed composition. 
That is true. Those cements are of great interest to us. Those are 
the cements that our research group must be especially concerned 
with; we must find out why they do not fall in line. There is some- 
thing about them that we do not know, something perhaps about their 
composition or their thermal history, or their later treatment that we 
have yet to find out. The cements used in the present investigation 
were made under rigidly controlled conditions of composition, raw 
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fineness, thermal treatment, and cement fineness. These conditions 
are not similarly controlled in commercial practice; the variables 
involved, such as the temperature, the duration of the heating period, 
the rate of cooling, the impurities in the materials, etc., are not 
standardized, so the history of commercial cements, especially the 
thermal history, is not known in the degree to which it is known with 
the cements reported on by Mr. Gonnerman. 

But in spite of these unsolved problems which still remain, and 
there are many, studies as reported here and elsewhere on the relation- 
ship betwen computed compound constitution and heat of hydration, 
sulfate resistance, strength, durability, etc., have been so definite in 
their results that in my opinion the industry is now justified in looking 
to the prediction of behavior in terms of the fundamental concept of 
compound composition. 

Mr. BrapLEY DEwey.'—May I ask Mr. Bogue whether the 
evidence is in favor of the assumption that the clinker in burning is 
at a high enough temperature for a long enough time so that phase 
rule equilibria are reached. 

Mr. Bocue.—All the evidence that we have, which includes 
chemical, microscopic and X-ray, is to the effect that equilibrium 
usually is very nearly reached, not quite, but very nearly reached. 
Moreover, the free lime test serves as a measure of the degree to which 
combination has been effected and is thus considered in the com- 
putation of the compounds actually produced. 

Mr. M. A. Swayze.2—The X-ray pattern referred to by Mr. 
x Bogue, I believe, was determined by using the pure compound. If 

_ mixtures of this pure compound with other materials fails to show the 

_ characteristic lines when the compound is present in less than 6 or 7 
per cent, then I believe we are justified in assuming that alumina 
present in commercial clinker in sufficient amounts to give a theoretical 
6 or 7 per cent of tricalcium aluminate is actually present in that form 
in the clinker, providing, of course, that the typical lines for tricalcium 
aluminate appear when the theoretical percentage of tricalcium alumi- 
nate exceeds this amount. I would like to ask Mr. Bogue if any X-ray 
patterns have been taken of dilutions of pure tricalcium aluminate 
with other materials to check the point where the lines for tricalcium 
aluminate disappear. 

Mr. Bocue.—Mr. Swayze is correct in thinking that we have 
made X-ray diffraction patterns of mixtures of the pure tricalcium 
aluminate with the other cement compounds. My statement of the 
required minimum percentage of tricalcium aluminate to give the 


(or 
President, Dewey & Almy Chemical Co., Cambridge, Mass. 4, 
2 Chief Chemist, Lone Star Cement Co. New York, Inc., Hudson, N. Y. tas 
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X-ray diffraction pattern of that compound was based on the results 
of tests with these mixtures of the pure compounds. 

Our studies have not yet advanced to a point where we can say 
with certainty the nature of the alkali compounds in portland cement. Re 
The systems CaO-Na,0-Al.0; and CaO-K,0-Al,O; have been investi- = 
gated and the compounds 8CaO- Na,0-3Al,0; and K,0-Al,O; were 


- found to be stable in the regions of portland cement. But the stability — 


of those compounds has not yet been determined in the presence of the = ag “ 
other cement compounds. 


Mr. P. S. ROLLER! (by letter) .—Among the interesting relation- 2 


_ change of properties with increase in computed C;A attracts attention. mF 


Ordinarily one would expect a rather uniform change proportional oo tik a 
the amount of C;A. 


Two possibilities suggest themselves as the cause of the abrupt 


transition. At a low alumina content, an appreciable portion of the 


alumina in cement may not unite to form C;A; furthermore, the — 


occurrence and physical structure of the C;A (also of the other com- 


pounds) may be different. It is highly probable that the alkalies in 
cement are combined with alumina in a binary or ternary compound. _ 


__ The combination would absorb 1 or 2 per cent of the alumina, which ~ 


hae 


otherwise would go to form C;A. (1 per cent of Al,O; is equivalent 


to 2.7 per cent C;A.) 


Tricalcium aluminate in small amount might exist, not independ- 
ently but isomorphously, with C;S. This possibility was suggested 
by P. H. Bates on the basis of observations by Anderson and Lee? of 
isomorphism of C;S with various compounds. I have subsequently 
found that Schwiete and Biissem* came to the conclusion from sensi- 
tive X-ray evidence that C;A may be taken up isomorphously by C,;S 
to the extent of 4.5 per cent and possibly more. 

It is questionable whether one is ever justified in ignoring the 
physical mode of occurrence of compounds, even if one is sure that the 
compounds are all there as supposed. Physical structure is best 
studied microscopically or by X-ray. Chemical composition, however, 
may be highly indicative in this respect. Empirical composition 
ratios, while reflecting compound composition, may also reflect changes 
in compound structure and may do so in a better way than the calcu- 
lated compound composition. 


1 Associate Chemist, U.S. Bureau of Mines, Nonmetallic Minerals Experiment Station, New 
Brunswick, N. J. 

20. Andersen and H. C. Lee, “Properties of Tricalcium Silicate from Basic Open-Hearth Steel 
Slags,"” Journal, Washington Academy of Sciences, Vol. 23, p. 338 (1933). 

*H. E. Schwiete and W. Bissem, “Investigation of a Deposit-zone in a Rotary Kiln. The Alite 
Problem,” Tonindustrie Zeitung, Vol. 56, p. 801 (1932). 
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From this point of view, it would be desirable to attempt to corre 
late the various properties studied by Gonnerman with empirical 
ratios such as SiOz to AlO; + Fe:O3, to to Fe2Qs, etc., 
as well as with computed compound composition. The writer has 
recently obtained evidence that such ratios are more significant than 
computed compound composition in regard to susceptibility to rever- 
sion of set on storage. Presumably correlation of composition ratios 
has been attempted by Gonnerman, but I believe the results might 
actually be given because of their interest. 

Mr. L. B. Miter! (by /etter).—It is most encouraging to see the 
fundamental importance and practical value of phase rule studies of 

portland cement so clearly appreciated and so neatly applied as has 
been done in these studies of cements carried out by the Portland 
Cement Association at their Chicago laboratory and at the Bureau of 
Standards. 

The important crystalline mineral constituents of portland cement 
have been discovered by means of phase rule investigations and 
described in detail through optical and X-ray studies. As Mr. Bogue 


has indicated, well-burned cement clinker represents a system which 


has reached substantial equilibrium and can therefore be described in 
terms of appropriate phase rule diagrams. There is one constituent 
of cement clinker not ordinarily included in a list of clinker con- 


stituents but which may have some importance. ‘That constituent is 


_ glass—the uncrystallized remnant remaining as equilibrium is aj 
_ proached i in the firing of the clinker. 

It is not difficult to demonstrate the presence of such glass in 
cement clinker. It first came to my attention while attempting to 
ae the optical constants of dicalcium silicate in clinker with pub- 
lished data on these constants. The result which I obtained for an 
index of refraction of this mineral constituent was entirely different 
_ from any published value. Closer observation revealed a film of glass 
surrounding the dica!cium silicate crystals and it was the’ index of 
refraction of this glass which was being arsgg-a _ Suitable samples 


“refraction differs see so from, that of the glass and of the cry stal- 
line clinker constituents and viewed under a high-power microscope 
readily reveal the presence of glass surrounding the crystalline mineral 
constituents. The presence of glass may be inferred from other data. 
It is well known that reactions in the solid state proceed very slowly. 
The presence of some liquid phase greatly accelerates such reactions 

and it is through the agency of some portion of liquid phase in the 


Research Chemist, Johns-Manville Research Laboratories, Manville, j= 
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clinker that reactions in the cement kiln proceed to substantial | 
quilibrium i in so short a time. The fact that cement raw materials _ vat 
‘ball up” during the firing process to form clinker is direct evidence _ e 
‘f the formation of some liquid phase which remains in part as a rom 
lass upon cooling the clinker. a) 
The amount of glass present in cement clinker varies considerably. 
[he amount is chiefly dependent on the composition of the clinker 
nd its thermal history. It is exceedingly difficult to estimate even | 
pproximately how much glass is present in a given sample of clinker iat ay 
ecause it is dispersed between and around the crystalline constituents __ 


j 


{the clinker. It is probably safe to say that there are several per a ee 

f glass present in even a well-crystallized clinker. It seems probable 
hat the glass may often vary considerably from the composition of 
the crystalline portion of the clinker. As clinker formation proceeds a, 


towards equilibrium the chief components of the cement will form and 
rystalline constituents which the phase rule indicates are stable and 
insoluble”’ under existing conditions. The glass will probably con-— 8 
sist of the chief components plus most of the “impurities” present in _ 
small amounts. This is especially to be expected where such 
‘‘impurities” form easily fusible compositions with the major com- 
nents: the alkali oxides are an example. 

In studying clinker constituents by X-ray methods it is necessary 
for a crystalline constituent to be present beyond a certain threshold 
ralue, as Mr. Bogue has pointed out, before a distinct spectrum of the 
onstituent makes its appearance. It is well known that glass yields 
10 spectrum since it is non-crystalline in character. It may well be 
that the glass, by holding portions of certain of the components in a 
non-crystalline state, may increase the apparent threshold value for 
a given constituent where the percentage of such constituent present 
in the clinker is based on a calculation which assumes a clinker 100 
per cent crystalline in character. 

It has been indicated that the glass found in cement clinker 
normally is found between and around the crystalline constituents in 
the form of a thin coating like a matrix in which crystal formation has 


vecurred. It seems fairly obvious that this glass, which serves in a E 
some measure to bind together the crystals composing the major dk. 
portion of the clinker, should have some effect upon certain physical hy 


properties of the clinker such as the ease of pulverizing. It is well 
known that methods of quenching the hot clinker alter its grindibility; 
these would likewise alter the amount and character of the glass. 
Likewise, it seems fairly obvious that the hydraulic properties of the 
coarser of cement be influenced by the 
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glass since in general the coarser particles in cement consist of aggre 
gates of a number of small glass-coated crystals. (The finest portion 
of a finished cement, on the other hand, consists usually of fragments of 
individual crystals.) Since the glass would in a measure protect the 
crystalline constituents from the water for a time at least, the hydraulic 
properties of the glass itself would be exhibited to some extent in the 
coarser fractions of cement rather than the hydraulic properties of the 
crystalline constituents only. 

It is a personal belief based upon considerable observation that 
the glass constituent of cement clinker is in some cases of importance, 
quantitatively, and that a complete exposition of the properties of 
portland cement must include consideration of this constituent. 

Mr. H. F. GONNERMAN! (author’s closure by letter)—The studies 
presented are based upon current ideas concerning the chemical 
nature of portland cement clinker. There are other things still to be 
learned, such as the influence of methods of burning and cooling 
mentioned by Mr. Bogue, the influence of minor constituents discussed 
by Mr. Roller, and the influence of glass suggested by Mr. Miller. 
All of these questions will eventually have to be considered. , te 


warrants the belief that as new information on the chemical nature 
of portland-cement clinker is developed, there will be a corresponding 
advance in our understanding of the causes of differences in behavior 
of portland cements. 


1 Manager, Research Laboratory, Portland Cement Assn., Chicago, Ill. 
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A SUSPENSION "TURBIDIMETER FOR DETERMINATION 
OF SPECIFIC SURFACE OF GRANULAR MATERIALS 


SYNOPSIS 
This paper describes a portable apparatus for the rapid determination of 
surface area of portland cement and other granular materials, in which 
rmination the turbidity of a suspension of the material in castor oil is 
sured. The method does not involve Stokes’ law which is the basis of 
mentation methods, but consists in determining the mean effective cross- 
onal area of the suspended material under static conditions, through the 
of photoelectric equipment. Hence, no consideration of time or velocity 
volved in the determinations, no standard samples are required, and the 
nod is independent of the physical characteristics of the suspending medium. 
theoretical constant required for the analysis of a given material is deter- 
ined from an observation on a sieved sample of the material itself. A high 
ree of reproducibility is attained, and the method appears to furnish an 
urate measure of the relative fineness of various materials. 

Comparisons are made between test results obtained by means of this 
aratus and by means of apparatus employing the principle of sedimentation. 


wise 


For lack a: more . refined methods, the fineness of silat cement 
and other granular materials has until recently been measured almost 
entirely by means of sieves. With the advent of finer grinding and 
increased percentages of sub-sieve particle sizes, the sieve analysis 
has proven inadequate as a measure of fineness. Recently, air separa- 
tion and sedimentation methods have been found useful in the deter- 
mination of particle-size distribution of material, the data being 
employed further to calculate the surface area of a unit weight of 
the material, or the specific surface. 

It appears that surface area is, for practical purposes, a satis- 
iactory measure of the fineness of cement. Recent studies? of the 

ydration of cement indicate that surface area adequately defines the 
neness of cements for most purposes. While there is at present no 
solute measure of surface area, such an absolute measure is not of 


1 Assistant Research Engineer, Engineering Materials Laboratory, University of California, 
tkeley, Calif. 

?R. B. Davis, R. W. Carlson, G. E. Troxell and J. W. Kelly, ‘‘Cement Investigations for the 
over Dam,” Proceedings Am. Concrete Inst., Vol. 29, p. 413 (1933); “Cement Investigations for __ r 
ulder Dam with the Results up to the Age of 1 Year,"’ Proceedings, Am. Concrete Inst., Vol. 30, ‘ a 
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vital importance provided some reasonable standard is employ 
The accuracy to which specific surface must be measured will deps 
upon the purpose for which the measure is used. Where specifi 
surface is employed to study the effect of fineness upon compressiv 
strength or heat of hydration of concrete, it is found that the rate 
hydration is at early ages roughly proportional to the fineness 
expressed by surface area; hence the percentage of accuracy requir 
in measuring the fineness should not be less than that required i 
measuring compressive strength or heat of hydration. Where the 
specific surface is employed in comparative grinding studies, it is 
found that as small a difference as 1 per cent in the total specifi 
surface is of significance. While a like degree of accuracy is desired 
for research work or plant control, somewhat lower accuracy can be 
tolerated in acceptance tests on cement. 

By means of the suspension turbidimeter, developed at the 
Engineering Materials Laboratory of the University of California 
it is possible to measure in one operation the specific surface of a 
ground material such as portland cement. ‘The relative amount of 
light passing through a suspension of the material in a viscous liquid 
is measured by means of a photronic cell, a special type of photo- 
electric cell. The measurements may be made with sufficient accuracy 
to detect changes of 1 per cent in the specific surface of a given ma- 
terial. In this paper the application of the apparatus is confined 
strictly to portland cements, although studies are in progress using 
special cements and other granular materials. 

There are at present ten sets of apparatus in use, covering both 
research work and routine plant control. Cooperative studies in 
progress will serve to perfect further the method and extend its 
application. 


THEORY 


oe The change in intensity of light upon passing through a liquid 
or suspension is herein called the turbidity. It can be shown that 
the change in turbidity due to the presence of suspended opaque 
particles in a suitable liquid is a measure of the surface area of the 
particles. 

If the intensity of light transmitted through the clear medium be 
designated as J, and the intensity of light transmitted through the 
suspension be designated as J;, the change in the transmitted light, 
for opaque particles of equal size and very low concentration, is very 
nearly proportional to the concentration, or 


= CM (approx.)............ 
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ere M is the concentration or mass per unit volume and C is a 
oportionality constant. For small particles, such as those occurring 
cements, even in low concentrations overlapping and shadowing 
f particles by other particles will occur and the change in the in- 
tensity of light will be logarithmic, as follows: 
log, J, — log, Ji = CM 


Cif 

e of 

S as 

‘ired 

d in 

the 

it is 

cific For Se of given size, changing the concentration as ex- 

‘ired ressed in Eq. 3 is equivalent to changing the surface area of particles 

n be 1 like percentage. If, however, the concentration and depth of 
suspension be held constant and the particle size be changed, the 

the surface area of particles is again changed and the same law applies. __ 

nia, Hence for a fixed concentration, there may be written an equation __ 

of a similar to Eq. 3, as follows: 

it of T 

quid log. 


loge 


ne where [, is the intensity of light transmitted through the clear liquid, 


I, is the intensity of light transmitted through the suspension, C’ is 

. factor dependent upon the concentration employed, S is the specific — 
surface in square centimeters per gram, and K is the proportionality 

ctor, called the opacity factor, which would be a constant if the 

irticles were fully opaque. Under certain conditions and with 

rtain modifications, the law applies to colored solutions as well as 

) suspensions of particles. The factor K defines the ability of the | 
particles to absorb light and is influenced by the size and shape of 
particles. 

It is assumed that the factor K is the same for all sizes of par- 
ticles in the cement, or that the light absorbed is dependent only __ 
upon the projected area of the particles. Actually, the factor varies _ 
somewhat with the size of particles, due to their translucency. If 
the same factor is used for various finenesses of a given composition __ 
of cement, smaller differences than the differences in actual specific- 
surface values are obtained. ae 
Since it is assumed that the opacity factor is the same for all. af : 

sizes of particles, for a given cement the factor may be determined rk “s 
from a turbidity measurement on a sample of known size which = 
een retained between two sieves. It is necessary to evaluate the ce 
ypacity factor only once for a given composition of cement, either by } 
the mntthod just de described or by other methods to to be described later. pe mis he 
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With the opacity factor known, the test is 
the relative intensity of the light beam transmitted through the liquid 
containing a fixed concentration of the particles and the intens 
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Fic. 1.—Diagram of Suspension Turbidimeter. 


| Photoelectric 


Fic. 2.—Suspension Turbidimeter. 


of the light beam transmitted through an equal thickness of the clear 
liquid. The specific surface can then be calculated according to 
Eq. 4. Since the intensity of the light beam emerging from the clear 
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iquid is a constant and need not be determined for each test, a single 
reading (on the suspension) is sufficient to complete the test. 

The method of test does not depend upon any principle of sedi- 
ntation or upon the application of Stokes’ law. Therefore, U.S.P. 
stor oil, which possesses the properties of high viscosity and natural 
persing power, is used as the suspending medium. 

The basis for the preceding theory was summarized by Wells of 

Bureau of Standardst who expressed the relationship between 
rface area and turbidity, and stated the principles involved in both 
spension and sedimentation turbidimeters. In the use of his 

turbidimeter Wells calculated the rate of settling of silica particles 

out of suspension from the turbidimeter readings. Recently, L. A. 

Wagner? has further developed the use of a turbidimeter in determining 
rticle-size distribution and surface area, employing principles 
milar to those evolved by Wells. 

The turbidimeter described hereinafter, with respect to con- 
uction and operation, is similar to other turbidimeters. The 
stinguishing feature of this turbidimeter, as compared to others, 

es in the method used to determine the proportionality factor K, 


Figure 1 is a diagram of the apparatus showing all the essential 
irts required in construction. Figure 2 is a photograph of the 


assembled apparatus, ready for operation, together with the micro- 2 


ammeter and sample dishes. A storage battery which furnishes % 
current for the light globe is not shown. From a light source which 
is controlled by rheostats to constant intensity, a beam of parallel 


ight rays is projected vertically downward through apertures. The i: aa 
beam, on passing through the apertures, impinges on a photronic 


ell which is connected to the terminals of 2 microammeter of low 


sistance. The sample, consisting of the suspension of cement in i 


istor oil, is held in a glass-bottom container in the path of the light 


eam. The intensity of light passing through the suspension and __ 
fecting the sensitive cell is indicated by the microammeter. Between __ 
e light source and the sample is a heat filter consisting of a glass- __ 
ottom dish containing clear castor oil to a depth of approximately _ 


.1 mm. or 30.0 g. of oil in the container of 3] in. inside diameter. 
The bottoms of the sample dishes are all constructed from the same 


1P, V. Wells, “ Turbidity Standard of Water Analysis," National Bureau of Standards Scientific 
per No. 367 (1920). 

*L. A. Wagner, “A Rapid Method for the Determination of the Specific Surface of Portland 

ement,”’ Proceedings, Am. Soc. Testing Mats., Vol. 33, Part II, p. 553 (1933). etna oil 
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thickness of clear glass of good optical quality, and have the same 
light-transmission characteristics. All instruments are adjusted 
give identical opacity factors for a given material, regardless 
differences which exist in various photronic cells of the same ty 
with respect to output and sensitivity; thus, nearly identical val 
of specific surface will be obtained with all instruments. 


wie PROCEDURE 


"The test procedure is, briefly, as follows: With only the heat 
filter in place, the intensity of light is so adjusted as to give a pr 
determined reading of the microammeter (50.0 microamperes, the 
maximum scale deflection). Cement in the amount of 0.250 g. is 
mixed in 50.0 g. of castor oil by agitating in a beaker, first by shaking 
the beaker and striking against the hand, and then by stirring with 
a spatula. All cement for test is passed through the No. 100 sieve, 
to facilitate dispersion. No chemical aid to dispersion is required 
An amount of 25.00 g. of clear castor oil is weighed into a sample 
dish, the dish is placed in the path of the light beam, and a micro- 
ammeter reading is taken. This dish is then replaced by a dish con- 
taining a 25.08-g.' sample of the cement and oil mixture, and a second 
microammeter reading is taken. The readings are made when the 
needle reaches a maximum and remains stationary, at which time the 
drift of the cell is complete and air bubbles induced by stirring have 
vanished. The two readings complete the test. The clear-oil reading 
need only be taken occasionally. After a test the sample dish con- 
taining the cement may be placed on the stage of a low-power micro- 
scope and the effectiveness of dispersion and absence of microscopic 

air bubbles may be checked. a; 

CALCULATION OF SPECIFIC SURFACE 

For the apparatus and method here described the specific surface 

is calculated by means of the equation: 

at a 
S = 


The solution of Eq. 5 involves the use of natural logarithms. How- 
ever, common logarithms may be used by applying the conversion 
factor 2.303. A table or chart may readily be prepared, giving for 
any opacity factor the specific surface directly in terms of the micro- 
ammeter readings. 

Ordinarily the opacity factor is determined by a turbidimeter 


1 The slightly higher weight of the dispersed sample is required to furnish a depth of suspension 
equal to the depth of 25.00 g. of clear oil, due to the differences in the specific gravities of oil and cement. 
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test on a fractionated sample, between the Nos. 200 and 325 sieves. 
a the particles to be spherical and to have an average diam- 
ter d which is the arithmetic mean (0.00585 cm.) of the nominal 
sieve openings, the specific surface S in “square centimeters per gram 


pal 


where p is the specific gravity of the cement. Particles larger than 
the nominal sieve opening will pass a given sieve, but the particles 
are of irregular shape and the surface area per unit weight is approx- 
mately the same as for spheres of diameter equal to the nominal 
ieve opening. Thus, the errors arising from the assumptions as to 
size of particles in the fraction are largely compensating. 
Particle-size distribution was found to have little effect upon 
the opacity factor for a particular composition of cement. There 
as found to be a close relation, however, between the specific gravity 
f the cement and the opacity factor. Based upon all the available 
ictionation factors, there was derived the following expression 
specific gravity alone: 


= (4.035 p — 10.3) 10°* 


lhe data included cements ranging in specific gravity from 3.05 to 
3.30 and ranging in color from white to very dark. Equation 7 is | 
rticularly useful where many cements are involved and where 
speed and economy in testing are important. Comparison of values 
f the opacity factor as determined by fractionation and as computed 
rom the specific gravity shows an average difference of approximately 
per cent. 
Where there is available a cement of known specific surface as 
found by means of some other method of determination, the opacity 
factor may be evaluated by substitution of the known value in Eq. 5. _ 
In the Engineering Materials Laboratory, the specific surface of 
any compositions as determined by means of the microneter appa- 
ratus of the Riverside Cement Co. served to evaluate the opacity _ 
Ow- factors, in this case called microneter factors. The microneter factors _ 
sion for 55 laboratory cements of wide range in color and composition 
for vary between 2.3 X 10% and 2.7 X 10%, assuming a specific gravity 
cro- f 3.15 for all cements. The use of an average factor of 2.5 K 10* _ 
r all cements permits determinations of specific surface to be made © 
ter ith an extreme error of 8 per cent and a probable error of less than 
iting 3} per cent, without the necessity of determining individual factors. | 
nent [he extreme error may be considerably reduced, when the composi- i Sa 
ion of the cement is known, by waned average values of the factor _ is a 
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equal to 2.2 X 10% for white cements, 2.4 < 10 for normal com. Ce 
mercial cements, and 2.6 X 10 for commercial low-heat cements. sh 
A comparison of the fractionation factor with the microneter va 
factor shows an average difference of less than 3 per cent over the to 
whole range of cements investigated, the average factors being pr: ok 
tically identical as obtained by the two methods. th 
in 


TABLE I.—REPRODUCIBILITY OF RESULTs. 


Specific Surface, Difference from Mes al 
8q. cm. per g.* per cent 
Cement Observer 
Single Average Observation | Average Vi 
Observation in 
(| 1290 No. 1 0.0 o! 
1290 No. 2 0.0 
1290 1290 No. 3 0.0 ( 
1790 No. 1 0.2 
cA can 17 AEX: No. 1 0.2 
1780 1786 | No.1 0.3 0.2 Is 
{ 1325 er No. 2 0.6 
| 1350 ana No. 2 1.3 
1325 1333 No. 2 0.6 0.8 
1745 No. 2 0.9 
1760 bade No. 1 0.2 
1750 1756 No. 4 0.3 0.6 
1605 No. 2 0.0 , 
1-23 (1600) 1580 
ste, 1605 1604 No. 3 0.0 0.6 
1310 No. 2 1.1 
1310 1330 No. 2 1.1 1.1 
1305 No. 1 0.4 
1305 1300 No. 1 0.4 0.5 
* Specific surface calculated from fractionation factors. 


Values of specific surface as determined by the suspension tur- 
bidimeter and by two sedimentation methods are presented and com- 
pared in Tables I to VI. 

Tables I and II illustrate the degree of reproducibility of test 
results possible with the. suspension turbidimeter. The cements 
indicated in Table I were ground in connection with the cement 
investigations for Boulder Dam. At the time these cements were 
ground, the suspension turbidimeter had not been fully developed, 
and control samples of given fineness were furnished by the Riverside 
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ement Co. The microneter values for these control samples are 
hown in Table IV, under the heading of ‘Second Series.” The 
values of specific surface shown in Table I were calculated by applying 
to the turbidity ratios obtained at that time, the fractionation factors — 
obtained at a later date with the improved turbidimeter, and for __ 
that reason will not agree with the valuesin Table IV. Asindicated | 
in the table, turbidity ratios for the control samples were determined 
by four different observers with an extreme error of 1.5 per cent and 
an average error of 0.54 per cent, 


Table II shows the effect, upon accuracy of determinations, ie 
variation in the initial intensity of light, 7,. It is apparent that the _ 
initial intensity has little or no effect upon the accuracy of estimation __ 
of readings in the lower range of the scale. There appears to be slightly _ 


TABLE II.—Errect or INITIAL INTENSITY OF LIGHT IN REPRODUCIBILITY 
TESTS FOR CEMENT L-7. 

Intt1aL Intensity oF LicHT, Jo, Speciric SuRFACE,* DEVIATION FROM 
MICROAMPERES SQ. CM. PER G. MEAN, PER CENT 
1200 

1190 

1222 


1208 


& 


® Specific surface calculated from fractionation factor. 


less difference in the upper third of the scale range than i in n the middle 
third, but the differences are not large. For the same reason as given 
in the previous paragraph, the value of specific surface of cement 
L-7 is not the same in Tables II and III. 

Referring to Tables III and IV, it is seen that there is excellent 
agreement between groups of determinations with regard to the 
relative finenesses of any given composition, and fair agreement with 
regard to the relative fineness of various cements. Approximately 
constant differences exist between the values of specific surface as 
determined by various methods. The summary of average values 
as related to the suspension turbidimeter, given in Table V, shows 
that the lowest relative values are obtained using the microneter 
and the suspension turbidimeter, which yield approximately equal 
results. _- highest relative values are obtained using the sina 
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; ee - turbidimeter of improved design, and the two sets of values for thi 
instrument¥are approximately equal. Intermediate values a1 
obtained using the Wagner turbidimeter of 1932 design, at the Un 

versity of California. 


TaBLe III.—Speciric SURFACE OF LABORATORY CEMENTS OF APPROXIMATE 
EqQuaL FINeNEsS, AS DETERMINED BY DIFFERENT METHODS. 


Specific Surface, sq. cm. per g. 


Wagner Turbidimeter 


Suspension 
Turbidimeter University of} Bureau of | Bureau of 
California® | Standards’ |Reclamati 


First Serres 


@ Values etteinad with Wagner turbidimeter of 1932 design. 
> Values from U. 8. Bureau of Reclamation Technical Memorandum 371, April 5, 1934. 
Table VI illustrates the change in the opacity factor with par- 
ticle size as measured by the equivalent sieve diameter. Where the 
average size of particles below 8 y is calculated using the fractionation 
factor obtained from test on particles retained between the Nos. 


200 and 325 sieves, the resulting average equivalent sieve diameter, 


TA 
rd 
* i, L- 
L- 
L- 
A 1150 1219 1261 1380 1435 
Heat-Treatment Series T 
; 
‘ 2 
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‘ABLE IV.—SpeciFic SURFACE OF LABORATORY CEMENTS OF VARYING FINENESS, 
AS DETERMINED BY DIFFERENT METHODS. im 


Specific Surface, sq. cm. per g. 


Wagner Turbidimeter 

Suspension 

Turbidimeter University ‘| Bureau of | Bureau of 
a 


California* | Standards® | Reclamation? 


Frveness 


1005 
1170 
1375 


@ Values obtained with Wagner turbidimeter of 1932 design. F 
> Values from Technical Memorandum 371, U. 8. Bureau of Reclamation, April 5, 1934. 


TABLE V.—COMPARISON OF TEST RESULTS BASED UPON AVERAGE VALUES FOR 
CEMENTs IN TABLES III anp IV. 


aie Percentage of Suspension—Turbidimeter Value 


ty, Wagner Turbidimeter 


University of Bureau of 
California | Standards | Reclamation “ 


110.5 


TABLE VI.—ErFFEcT OF PARTICLE SIZE UPON Opacity FACTOR. 


A (Assuming K = 2.47) 
Range of Particle Size, ju arti Particle 


91. 


r | 
covet 
i 
1585 1537 1808 1910 
1185 1210 1349 1450 1360 | 
hs 
im oly 
Weighted 100.6 111.2 119.7 118.3 
ay’ 
—— Assuming Average 
r- Particle Size) 
he Computed Opacity 
Factor K X 10 
147-104 = 3.40 
ttt 
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5.3 mw, agrees with that assumed in the microneter method (5.35 yu 


although there is evidence from other sources that the actual averag: 
size of these particles is considerably lower. This fact accounts for 
the close agreement between the average microneter and average 
fractionation factors, where the microneter calculations are made in 
accordance with the customary assumptions. The fraction below 8 yu 


_ was obtained by sedimentation in absolute alcohol. The settling time 
al for particles coarser than this fraction was computed from Stokes’ 


law, the time being determined by comparison with the time required 


_ for the fall of particles having a minimum equivalent sieve diameter 


_ of 43 wu. The suspension containing the fine fraction was drawn ofl 
after the time computed for particles coarser than 8 u to pass a given 


depth, and this was then evaporated to the 


Through the | use the suspension are 
obtained which furnish adequate verification of the theory upon 
which this method of determining specific surface is based. The 
apparatus possesses the following advantages: 

1. The instrument is economical, with respect both to initial 
cost and to the cost of operation and maintenance. 

2. The degree of reproducibility of test results is adequate for all 


ai practical purposes. Results within 1 or 2 per cent are obtained by 


various observers. 

3. A high order of skill is not required for the operation of the 
apparatus. 

4. Determinations of specific surface are rapidly made, a com- 


7 plete test requiring only 20 min. Calculations are simple and direct, 


and may be arranged in the form of a single chart. 

5. Neither sieve analysis nor standard samples are required. 

6. Individual instruments can be so adjusted as to produce 
practically equal results on the same sample of cement. 

7. The operation of the apparatus is little affected by the prop- 
erties of the dispersing medium and is independent of temperature. 
The time element does not enter into the measurements. 

8. The instrument is portable and is particularly adaptable to 
commercial plant control and routine testing. 

The method possesses the disadvantage that particle-size dis- 
tribution cannot be determined. However, it is believed that the 
specific surface is an adequate measure of the fineness of cement for 


most ractical urposes. 
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Mr. L. A. WAGNER.'—Standing in the way of all turbidimeter- 
particle size work is the necessity of evaluating a property of each 


cement which I called its “transmittancy constant” and which the ~ 


present author calls its “‘opacity factor.” The present author has 
developed three methods for evaluating this constant. 

The first consists in separating a fraction of the sample between 
the No. 200 and No. 325 sieves and determining a factor for this 
fraction. In Table VI of his paper he shows that reducing particle 
diameter three fold causes a reduction in opacity factor of 30 per 
cent. In spite of this rapid change of factor with particle size, he 


assumes that a factor obtained from 60 y particles is valid for particles 


10 or 20 diameters smaller. The validity of this assumption is 
doubtful. 


The second method is a correlation which the author has estab- | 
lished between the opacity and density of cement. It is wellknown _ 


that the color of a cement is greatly changed by small variations in 


the method of cooling of the clinker. Hence it may often occur that ve 


cements of identical densities will have widely differing colors and 


opacity factors. I believe this method for determining the factor is — 


also of doubtful value. 


The third method consists in first making an analysis of the = 


ify 


cement in the microneter and from the specific surface thus obtained © 
a factor may be calculated which when applied to turbidimeter data | 


for the same cement will give the same answer. With this method 


I find no criticism. The microneter is one of the most precise instru- 
ments ever developed for particle size determination and any factor | 


obtained from it should be dependable. 
In conclusion it is well to emphasize again that at present we 
ive no method for determining an absolute value of the surface area 
of particles as small in size and irregular in shape as those of portland 
cement. With the microneter as well as with the turbidimeters the 
verage diameter of the smallest particles is arrived at only by 
ssumption. 


Mr. P. S. Rotier.2—The size fraction between the No. 200 and . 


No. 325 sieve is much darker in color than the finer fractions of 


1 Assistant Chemical Engineer, Cement Reference Laboratory, National Bureau of Standards, — ms 


Vashington, D. C. 
2 Associate Chemist, Nonmetallic Minerals Experiment Station, U. S. Bureau of Mines, eal 
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cement. Therefore, it is obviously a serious error to attempt to 
calibrate the apparatus with this fraction without correcting for color 

It is estimated by the author that even though “particles larger 
than the nominal sieve opening will pass a given sieve” nevertheless 
the surface area is the same as that of an equivalent sphere of diameter 
equal to the opening. To say that the particles are of irregular shape 
is a peculiar reason to give for this assumption, since the more irreg- 
ular the particle the greater the surface area per unit volume. The 
assumption is readily disproved by actual measurement. 

In attempting to translate measurement of light scattering 
specifically to particle size, two questions must be considered care- 
fully, namely, whether the scattering is linearly proportional to the 
surface concentration and whether deflocculation is complete. I do 
not believe that the first question can be answered in the affirmative. 
Lowry and Marsh! have carefully measured the light transmission of 
sized fractions of ground barites suspended in medicinal paraffin. 
They concluded that for the same fraction the optical density is 
directly proportional to the surface concentration. For different 
fractions the ‘‘optical density is proportional to surface concentra- 
tion of the powder but increases slowly as the diameter is reduced 
to 50 mw and much more rapidly when the diameter is reduced 
below 30 yw.” 

There is probably some merit in using castor oil as a suspension 
medium in view of a probable natural deflocculating action. How- 
ever, definite assurance of this should be given, especially with respect 
to the effect of stirring, absorbed moisture, rancidity, and possible 
reaction with the high-lime cement grains. It may be mentioned as 
of interest in this connection that the deflocculating action of oleic 
acid (in benzene) is upset completely by traces of dissolved moisture.’ 

The comments on translation of turbidimetric measurements 
specifically into particle size are of import both in general and for 
cement technology. In view of the results of Lowry and Marsh and 
other similar results, I believe that measurement of optical opacity 
as heretofore carried out with reference to portland cement gives 
values for fineness that are much too high, unless there is accidental 
compensation due to partial flocculation or other cause. 

Mr. R. W. Cartson.*—The unique feature in the determination 
of fineness by means of the suspension turbidimeter is the sieve- 
fractionation method of evaluating the opacity factor. It happens 
that if the particles passing a No. 200 sieve and retained on a No. 325 


: 1 Lowry and Marsh, Transactions, Faraday Soc., Vol. 24, p. 195 (1928). 
, 0 x Harkins, Gans, and Ryan, Industrial and Engineering Chemistry, Vol. 24, p. 1288 (1932). 
_ § Research Engiueer, Engineering Materials Laboratory, University of California, Berkeley, Calif. 
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eve are assumed to have the same specific surface as spheres of 
diameter equal to the average sieve opening of these two sieves, the 
suspension turbidimeter gives results which agree with the microneter. = 
But there is another rather accidental fact which helps to bring =~ 
about the agreement. In the microneter method all particles finer 4 iy i 
than 8 w are assumed to have a diameter of 5.35 w in the calcu- > 
lations. These particles probably have an average diameter of less ie i 


than 5 w. Therefore the specific surface values as ordinarily com- 
puted from microneter data may be low, and the finer the cement, == 
the lower the values are in comparison to actual values. The suspen- ~~ 


sion turbidimeter gives similar results but for a different reason. The 
finer particles are less opaque than the larger particles but since the 
same opacity factor is used for all finenesses of cement the fine cements 
are not shown to be sufficiently fine. Thus it is seen that through 
choosing a particular assumption in determining the opacity factor, 
in combination with the fact that both microneter method and “the 
suspension turbidimeter method do not give full weight to the very — 
fine particles, the microneter and suspension turbidimeter yield — 
comparable results. 

Mr. J. R. Dwyer.'—In Table III of Mr. Klein’s paper it is 
shown that the microneter and the suspension turbidimeter results 
agree very closely. Apparently the difference between them is in 
the order of one to three per cent of the suspension turbidimeter 
values. In this year’s report? of the fineness subcommittee of the 
Society’s Committee C-1 on Cement are the results of four samples 
used in comparative sub-sieve fineness tests, and there the differences 
between the microneter and the suspension turbidimeter vary from 
about 100 to practically 200 sq. cm., that is, from about 6 to 13 per 
cent. I was wondering what might be the reason for this difference 
in relative performance. 

Mr. P. H. Bates.*—Assumptions were made in this paper with 
regard to microneter and turbidimeter as to the sizes of the various 
fractions. They might apply to the data presented in the paper, 
but in these data the microneter values are low and the turbidimeter 
values are high, whereas in the data in the report of Committee C-1_ 
it is the reverse. I want to call particular attention to that, because 
in some data the Bureau of Reclamation has presented they have | 
given factors for the conversion of microneter values to turbidimeter 


1 Research Associate, National Bureau of Standards, Washington, D. C. 
2 Report on Cooperative Sub-Sieve Fineness Tests by the Working Committee on Fineness, 7 

ceedings, Am. Soc. Testing Mats., Vol. 34, Part I, p. 315 (1934). 

* Chief, Clay and Silicate Products Division, re of Standards, Washington, D. Cc. 
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Chief Chemist, Cowell Portland Cement Co., Cowell, Calif. 


of Committee C-1. 

The Bureau of Reclamation dry all their samples, and they main- 
tain that when they dry a sample and then use it in the turbidimeter, 
they can reproduce their results month after month. 

Mr. BraDLEy DEwey.'—In connection with some research, we 
are using three Wagner instruments and three of the Klein instru- 
ments, one of each being used in our home laboratory and two by 
widely separated field men in plants. We are enthusiastic believers 
in the Wagner instrument, its usefulness, and its value in connection 
with the study of particle size distribution. However, where a mill 
wishes to control grinding to fairly narrow limits of particle size, the 
Klein instrument has great value. It is very easily used, it can be 
turned over to a laboratory boy, who can be taught how to use it in 
a very short time and obtain results that, for many purposes, are all 
that are wanted. The reproducibility between results has been very 
close in different laboratories, though our work has been going along 
at high speed without any particular care. 

There are, however, some mysteries, too. One of them is that 
some of our samples check very closely with the Wagner and some 
do not. In some cases our Wagner readings run as much as 200 
higher, whereas in others we have almost a perfect check. For 
example, with the last Bureau of Standards sample that was, if I 
remember correctly, somewhere in the 1400 range, we obtained prac- 
tically perfect checks right through the range on three Klein instru- 
ments and two Wagner instruments. On the other hand, we have 
not been able to do that with all our samples. But where a mill is 
using it to control their own fineness, it does not make very much 
difference to them what the value of K is. Where it is being used 
for research work, that is an all-important feature and is something 
that will have to be ironed out. But I would recommend that the 
instrument be given serious consideration where volume of output in 
the hands of fairly cheap help is a factor. Turbidimeters are not 
necessarily precision instruments for research, but should be consid- 
ered as substitutes for the No. 200 sieve. 

Mr. H. R. BRANDENBURG? (by /eiter).—One of the first units of 
apparatus constructed of the design described in the paper has been 
in use by the Cowell Portland Cement Co. for about a year. 

As stated in the paper it is required that a “fraction” be obtained 
perfectly free from flour so that a correct opacity factor may be 
obtained. Depending upon the history of the cement this operation 
may be more difficult with some than with others; but as a common 

1 President, Dewey & Almy Chemical Co., Cambridge, Mass. 
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requirement cements must be shaken to refusal on the No. 325 sieve 
and the fraction thereafter rolled in glass to eliminate all remaining 
traces of flour. When thus properly prepared it is possible to obtain 
repeatedly concordant results with freshly prepared fractions of the 
same cement. 

It has been definitely determined that the apparatus, using the 
described method of procedure, gives consistently reproducible values. 
An easily acquired manipulative expertness and careful work will not 
only result in the ability to readily reproduce results but will also 
prove the degree of precision of which the instrument is capable. 

The following K and specific surface results have been taken at 
random from determinations made on various cements, domestic and 


foreign, and may serve to illustrate the reproducibility obtained in 
our laboratory: 


2 Speciric SURFACE, 
VALUES For Factor K SQ. CM. PER G. 
CEMENT ORIGINAL CHECK VALUES ORIGINAL CHECK VALUES 
2.56 2.55 1164 1169 
2.58 2.56 1277 1283 
2.72 2.68 1175 1195 
2.70 2.68 1150 1148 


From certain considerations we would also say that the opacity 
factor K seems to represent a value which appears to have other than 
a mere mathematical meaning. For, although fractions of the same © 
cement were checked and rechecked within the limits of the “‘ possible”’ 
instrumental error it was found that K varied between different lots 
from the same manufacturer. These variations, while not large, were _ 
proved to exist and were suggestive of some variation, the cause of 
which conceivably resided in the physical or chemical nature of the 
product, even though the potential compound composition remained 
essentially the same. 
From experimental work it has been concluded that K expresses 
a value which may match in usefulness its initially intended function 
as a constant in the specific surface equation. It appears that K on 
the same clinker can be artificially caused to change its value by one 
means or another. Extreme changes in K have been brought about, 
for instance, by taking the clinker upon its discharge from a kiln and 
allowing one part to air cool slowly while rapidly chilling the other _ 
portion in an excess of water, the values of K varying in their extremes © 
from 2.82 for the air-cooled down to 2.24 for the chilled product. 
Operating conditions in a kiln varying from normal, whether caused 
intentionally or otherwise, may cause similar divergences from the ra 
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normal K value, although not of so pronounced a nature as those 
indicated above. 

Further investigations, it is believed, will establish the fact that 
a maximum K value is assignable to any given compound composi- 
tion, provided the clinker has been manufactured under optimum 
burning and normal cooling conditions. From the same potential 
compound composition it is possible by means of variations of contro] 
during the burning stage, the cooling stage and any heat treatment to 
produce clinkers varying in color, mineralogical structure and physical 
characteristics, which variables are reflected in changes of the opacity 
factor. 

Mr. ALEXANDER KLEIN! (author’s closure by letter).—The pre- 
ceding discussion, while not in disagreement with the basic idea that 
the relative light transmission furnishes a measure of fineness, con- 
cerns itself chiefly with the validity of the specific assumptions and 
with the correlation of test results as obtained by means of different 
instruments. The fact remains that over a wide range of cements 
the suspension-turbidimeter results are consistently in excellent 
agreement with those obtained by microneter, which instrument is 
stated by Mr. Wagner to be “‘one of the most precise instruments 
ever developed for particle-size determination.” 

The author cannot concur entirely with Mr. Wagner’s state- 
ment that ‘‘it may often occur that cements of identical densities will 
have widely differing colors and opacity factors.’”’ This is rarely 
the case, appreciable changes in density following only upon changes 
in composition of clinker or abnormal increases in ignition loss. Table 
III shows results for cements made from heat-treated clinkers in which 
the color changed upon heat treatment from dark iron-gray to light 
tan or straw color; the extreme change in specific gravity was 0.03 
and there was no apparent change in the opacity factors other than 
that corresponding to the change in specific gravity. If conditions 
of clinker treatment are such as to change markedly the value of the 
opacity factor, as reported by Mr. Brandenburg, there are marked 
changes in composition, density, or both. For the 55 cements reported 
herein, ranging from very light to very dark, the extreme difference 
between the density factor and the microneter factor is 4 per cent and 
the average difference is 2 per cent. 

Mr. Roller’s suggestion that a correction for color be made in 
evaluating the fractionation factor does not apply. The fractions 
differ not in color but in shade only, and the absorption of light by 
the particles of various sizes differs not qualitatively but quantitatively. 


1 Assistant Research Engineer, Engineering Materials Laboratory, University of California, 
Berkeley, Calif. 
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Messrs. Wagner and Roller refer to the variation in light trans- 
mission for different size fractions, as casting doubt upon the 
propriety of using a single opacity factor for a given material. How- 
ever, for a given total surface area a decrease in particle size is accom- 
panied by an increase in the number of particles, and within the pro- 
posed range of use the éotal light absorbed tends to remain substantially 
constant. A confirmation of the stability of the opacity factor is 
furnished by the results reported in Table IV, fineness series. In this 
series both the fractionation and microneter factors remain uniform 
although the specific surface and particle-size distribution vary con- 
siderably. Further, for the 55 cements covered by this report, the 
extreme difference between the fractionation factor and the mi- 
croneter factor is 3 per cent. 

Mr. Bates and Mr. Dwyer point to a difference between the 
relative results obtained by suspension turbidimeter and microneter 
as reported herein and as reported for four cements by Committee 
C-1. In calculating the values of fineness by microneter for the 
report of Committee C-1, the assumptions were not those usually 
employed for the microneter but were those designated by the sub- 
committee on fineness. Employing the usual assumptions for mi- 
croneter calculations, Mr. Hubert Woods of the Riverside Cement 
Co. has calculated the specific surface of the C-1 cements to be as 
shown in the tabulation below. The C-1 values obtained by suspen- 


sion turbidimeter are shown for comparison: bad 
SpEcIFIC SURFACE, SQ. CM. PER G. 
No. 23678 No. 23679 No. 23680 No. 23934 
1450 1605 1813 1620 
Suspension turbidimeter.... 1455 1625 1820 1640 


The agreement is close. The difference in relative results as 
vetween the present paper and the C-1 report lies not in instrument 
erformance but in the assumptions for calculation. 

Since all agree that the absolute value of specific surface cannot 
be determined by measurement, there is little point to discussion 
regarding the actual surface areas of fine irregular particles. 

Mr. Roller questions the use of castor oil with respect to effect of 
stirring, absorbed moisture, rancidity of oil, and possible reaction 
between oil and suspended material. These possible effects were con- 
sidered during the development of the apparatus, and under the usual 
procedure of testing they either are eliminated or are of negligible 
amount. 

It is gratifying to note that Messrs. Dewey and Brandenburg 
have found the suspension turbidimeter to be useful in actual service. 
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SYNOPSIS 

This por describes a type of calorimeter which can be used for measuring 
heat of hydration of neat-cement pastes while curing at substantially constant 
temperature. This calorimeter has certain advantages over other types of 
calorimeters, chief among which are its low cost and its suitability for cements 
which are not readily soluble in acids. 

Typical data are presented with diagrams showing the hourly rates of 
heat evolution for a number of cements plotted against the time after mixing. 
Comparison of results from this calorimeter and from the heat-of-solution 
calorimeter indicate that satisfactory accuracy is obtained using the vane 
calorimeter. 


sit 


The vane calorimeter is an apparatus for determining ra/es of 
heat liberation during the hardening of neat-cement paste. From 
these rates the total amount of heat liberated up to any age is com- 
puted. Precise measurements are made, at intervals, of the difference 
in temperature between the specimen and a surrounding surface, which 
surface is maintained at a constant temperature and is separated from 
the specimen by metal vanes. 

The method of determination differs from others in that measure- 
ments are made on a fairly large neat-cement specimen, cured at a 
substantially constant temperature. The differences in temperature 
between specimen and constant-temperature surface are sufficiently 
small that they do not appreciably affect the rate of hydration, but 
are sufficiently large that they can be accurately measured by means 
of resistance thermometers. The method is suitable for cements 
which cannot be dissolved in acid, as required in the heat-of-solution 
method. It is, therefore, adaptable for cements other than port- 
land, such as pozzuolanic cements. BS ASE 

The vane calorimeter proper consists of four essential parts, 
which are shown in Fig. 1: (1) a central metal cup in which the speci- 
men (in a sealed metal can) is placed, (2) metal vanes which radiate 
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from the cup to (3) a surrounding copper shell, and (4) resistance 
thermometers intimately secured to the cup and to the shell. An 
insulating material, such as kapok, fills the space between the vanes. 
A bakelite chimney permits specimens to be dropped into the cup 
even when the calorimeter itself is buried; and in this chimney an 
insulating plug is inserted when the specimen is in place. 

In making a test, a sealed can of neat-cement paste (usually 
800 g. of cement) is placed in the metal cup. As the specimen liberates 
heat, it rises in temperature slightly and the heat is conducted through 
the metal vanes to the copper shell. The difference in temperature 
between the cup and the shell is proportional to the rate at which heat 
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is being conducted away from the specimen. ‘This difference is de- 

termined from a single observation using a special test set. The test 

set operates on the Wheatstone bridge principle and measures the — 

ratio of resistances of thermometers on the cup and similarthermom- 

eters on the shell. Also, the temperature of the specimen is de- __ 

termined from the thermometers on the cup. The thermometers are © 

in duplicate, one on each side of the cup (180 deg. apart) and one on | 

aa each side of the shell, and are connected in series; this arrangement 

averages the temperatures on opposite sides of the specimen. The 

thermometers are made of copper wire wound on copper or brass > 

spools and are thoroughly aged before installation. 
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measurements are made to determine the rate of heat output by the 
resistance unit and, simultaneously, the temperature difference 
which develops between the metal cup and the copper shell is measured 
in terms of the resistance ratio. When the temperature difference 
reaches an equilibrium value, which may require a few hours, the heat 
is being conducted away from the metal cup at the same rate as it is 
being released from the resistance unit. The rate of heat removal 
per degree of temperature difference is then computed. 

One step in the computations can be eliminated by not computing 
the temperature difference from the measured resistance ratio; in 
such a case the rate of heat removal which results in a 1-per-cent change 
in resistance ratio is computed and called the ‘‘calibration constant.” 
Another simplification can be made if the same amount of cement is 
used in each test. The calibration constant is then computed in terms 
of the heat-removal rate, per gram of cement, which causes a change in 
resistance ratio of 1 per cent. 

Due to the heat capacity of the specimen (and the metal cup), 
heat is not conducted from the specimen at the same rate as it is 
liberated by the hydrating cement. When the rate of heat liberation 
is increasing, some heat is being stored in the specimen. The rate of 
this heat storage is equal to the rate of temperature rise multiplied 
by the heat capacity per gram of cement. It could be entirely neg- 
lected without causing serious error in the heat of hydration except 
during the first few hours, since the heat storage over a period of time 
is negligible. 

The maximum rate of heat liberation of portland cement may be 
more than one hundred times the minimum rate. In the tests to date, 
the maximum observed rate is 14 cal. per g. per hr. After the age of 
28 days, the rate may be only a few hundredths of a calorie per gram 
per hour. Therefore, it is advisable to have one calorimeter with 
heavy vanes for early periods when the rate is high, and another more 
sensitive calorimeter with lighter vanes for the later periods. i: 


Detailed Procedure and Computations: 


Somewhat more than 800 g. of cement are mixed with 40 per cent, 
by weight, of water, all at the temperature of the calorimeter. Exactly 
1120 g. of the paste are then placed in a 3 by 6-in. metal can and 
sealed. This specimen is placed in the calorimeter and the chimney 
plug is inserted. Readings are begun when the specimen is 1} hr. old, 
and are repeated each hour until a maximum rate of heat liberation is 
reached. Thereafter the readings are taken only often enough to 


permit a curve to be drawn of ‘the relation between rate of heat liber- 


ation and age. 
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Having obtained the readings for the specimen, the rate of heat ae 
removal is computed from the resistance ratio, and the rate of heat _ 
storage is computed from the temperature change of the specimen. — 
The sum of these rates, in calories per gram per hour, is the actual 
amount of heat liberated by a gram of the cement in one hour. The : 
total amount of heat liberated at any age is then the sum of the hourly a. 
rates up to that age. This is called the “heat of hydration” of the 
cement. The principal importance of the heat of hydration lies in its 
direct relation to the rise in temperature of hardening concrete. 


TABLE I.—SAMPLE COMPUTATION SHEET FOR VANE CALORIMETER. 


Nores.—Calorimeter calibration constant is 1.77 cal. per g. per 1 per cent change in ratio. 
Heat capacity is 0.40 cal. per g. per 1 F. (0.72 cal. per g. per 1 C.). 


Change in 


Specimen 


69.0 F. (20.6 C.)* 


72.9 F, (22.7C.) 


Extrapolated value. 
> Immediate heat of hydration measured by separate test. 


The computations to obtain heat of hydration may be made clear 
from the sample form shown in Table I. In the first column are 
recorded the hours after casting the specimen. The values in the 
second column are obtained by subtracting from the observed resis- 
tance ratios the ratio corresponding to no heat removal or, in other 
words, no specimen in the calorimeter. These values are then multi- 
plied by the calibration constant to obtain the rates of heat removal 
in the third column. The observed temperatures of the specimen are 
shown in the fourth column and the computed changes during each 
hour in the fifth column. The latter are multiplied by the heat 
capacity per gram of cement per degree Fahrenheit to obtain the 
rates of heat storage in the sixth column. The rates of heat removal 
and of heat watiad are added to re total rate of heat liberation 
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in the seventh column. The rates are useful in comparing the hydra- 
tion characteristics of cements, but more often the total amounts of 
heat liberated up to various ages are desired. These amounts are 
obtained by adding individual rates cumulatively from the beginning, 
and are recorded in the last column. The value at the top of the last 
column is not zero because the cement liberates an appreciable amount 
of heat immediately upon being mixed with water. This amount is 
calculated from the rise in temperature which is observed when water 
is added to the amount. 

In order to standardize the calculations, the temperatures and 
the rates of heat removal (computed from the resistance-ratio readings) 
are plotted. This graphical method permits values at even time inter- 
vals to be determined and entered on a form such as that shown in 
Table I, even when only occasional readings are taken. a 


Control Required: 


As indicated in Table I, measurements of resistance ratio are 
made to the nearest 0.005 per cent. This precision is not difficult to 
attain, since the conditions are constant and the two resistances 
entering into the measurement are nearly equal. However, this least 
reading corresponds to a temperature difference of only about 0.02 F. 
(0.01 C.) Therefore, accurate results cannot be obtained if there are 
fairly rapid variations in the temperature of the copper shell of more 
than 0.02 F. (0.01 C.) For curing at 100 F. (38 C.), it has been found 
satisfactory to house the calorimeters in a room thermostatically con- 
trolled within one or two degrees Fahrenheit (1 C.),if several inches of 
insulating material of high heat capacity are placed around the calo- 
rimeter. Even this insulating material is only sufficient when the 
variations in room temperature are more or less periodic so that they 
can be damped out. Better results have been obtained when the 
room has been controlled to about 0.1 F. (0.05 C.) and the insulating 
material around the copper shell retained. 

For lower curing temperatures, burying the calorimeter in the 
ground beneath the floor of a room has been found to be most satis- 
factory. At a depth of 18 in. below the floor of a room controlled 
approximately to 70 F. (21 C.), variations of only 0.02 F. (0.01 C.) 
have been observed throughout a typical day. Even below the floor 
of an uncontrolled room, the temperature changes very slowly, and 
satisfactory results can be obtained. Installation underground appears 
to be the most economical and satisfactory arrangement. It is, of 
course, necessary that the heat liberated by cement at the lower curing 
temperature be related to that liberated by the same cement under 
the ternperature conditions of use, as in mass concrete. 


“2 
yw 
7 
at 
a 
> 5 
4 
> 


CARLSON ON THE VANE CALORIMETER 


TypicaL Test RESULTS 


A comparison of the heats of hydration observed for two curing 
temperatures, 100 and 70 F. (38 and 21 C.), is shown for two cements 
of different composition in Fig. 2. Both cements are normal except 
that the lime content of one is above normal and that of the other is 
below normal. It is at once apparent that the heat of hydration for 
either cement is lower for the lower curing temperature. At the age 
of 28 days, however, the difference between curing at 70 F. (21 C.) as 
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Fic. 2.—Heat of Hydration of Two Cements at Two Control Temperatures. 


verage Commercial Cement, 
Coment emert GS, 100 F.(38C) 


Coarse Cement, 
a GA) Fine Cement with 

T —~ 0.12 per cent 
Low-Heat Cement, Cherm hermcal Admixture 

(30 per cent GS, . 
Sper cent & A) 

| 


cal. per g. per hr. 
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Fic. 3.—Typical Variations in Rates of Hydration. 


compared with curing at 100 F. (38 C.) is negligible for the high-lime 
cement and not large for the low-lime cement. It is found from other 
tests that while the condition of curing constantly at 100 F. (38 C.) 
gives approximately the same heat of hydration as does curing at the 
variable temperatures of mass concrete for low-heat cements, this 
curing condition gives low results for other cements. For all types of 
cement, it is found that by adding 10 cal. per g. to the heats of hydra- 
tion obtained at a curing temperature of 70 F. (21 C.), these values 
are more nearly equal to the heat of hydration for mass-concrete 
temperatures than are the values obtained at a ae eile of 
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100 F. (38 C.). It thus appears that the heat of hydration as deter- 
mined from tests in a buried calorimeter (approximately 70 F., 21 C. 
may be used as an indication of the probable heat of hydration in 
mass concrete. 

For many studies, the rates of heat liberation, because of their 
greater sensitivity to influences such as composition of cement, are 
more useful than are the cumulative heats of hydration. In Fig. 3 
are given examples showing the effects of various factors upon the 
rates of heat liberation during the first day of cement hydration. 
Figure 3 (a) shows the variations in rate which may be expected from 
variations in chemical composition of the cement when hydration is 
at 100 F. (38 C.). Figure 3 (b) shows the effect of an accelerating 
admixture upon the rates of heat liberation of an extremely fine 
cement, again at 100 F. (38 C.), and Fig. 3 (c) shows the effect of fine- 
ness upon the rates, both for curing at 70 F. (21 C.) and for curing at 
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400 F. (38 C.). 
ee The reliability of results from the vane calorimeter has been 


ascertained by a limited number of comparative tests with the heat-of- 
solution calorimeter on specimens stored continuously at 100 F. 
(38 C.). At ages of 3 to 28 days, the maximum observed difference 
has been 3 cal. per g. or about 4 per cent. This agreement is satis- 
factory for most purposes. 

The vane calorimeter possesses the disadvantage that, as a speci- 
men continues to hydrate and its rate of heat liberation diminishes, 
the measurement of this rate becomes less and less accurate. For the 
most sensitive calorimeter thus far constructed, the least reading of 

resistance ratio which can be considered reliable corresponds to a 


rate of heat removal of 0.0025 cal. per g. per hr., or about 0.06 cal. per 
_g. per day. Since this may be about one fourth the rate of hydration 


at the age of 28 days for an average cement, the error in rate measure- 
ment at this age may be about 12} per cent. Although this error 
amounts to only about 1 cal. per g. in the heat of hydration up to the 
age of 28 days, it accumulates to 6 cal. per g. at the age of 6 months. 
Thus the calorimeter as ordinarily constructed is limited to tests up 


to the age of perhaps 28 days. 


SUMMARY 


The vane calorimeter has been developed to meet the need for 


an apparatus for measuring both the rate and the total amount of 


heat liberation of cements under a variety of conditions. Its con- 
_ struction cost is low and its operation is simple. Pozzuolanic cements 


may‘ be tested as well as portland cements. Results are obtained 


-with"sufficient accuracy for most ‘purposes, up to the age of 28 days 
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EFFECT OF DURATION OF MOIST CURING ON THE 


By A. G. Trews! 
INTRODUCTION 


The literature on concrete contains a wealth of information on 
the effect of duration of moist curing on strength, but little informa- 
tion relating to its effect on such properties as durability and volume 
change. This investigation was undertaken to supply some of the 
needed information. 

The data cover strength tests at from 1 day to 2 years of 6 by 
12-in. concrete cylinders moist cured the entire time and part of the 
time; strength tests of 6-in. concrete cubes after different numbers of 
cycles of freezing and thawing; loss in weight of 6-in. concrete cubes 
subjected to freezing and thawing; tests of permeability by capillary 
flow; and length change and absorption tests on 3 by 3 by 15-in. 
mortar bars. The tests were conducted with a normal portland 
cement and two high-early-strength portland cements. 


a MATERIALS AND METHODS 


The normal cement consisted of a mixture of equal parts of four 
brands of portland cement purchased in Chicago. Results for high- 
early-strength cement A are based on tests of three high-early-strength 
cements, two of the same brand manufactured at different plants, 
and the third a high-early-strength cement of similar strength char- 
acteristics. Separate tests on these three cements showed very 
satisfactory agreement. High-early-strength cement B is a brand 
the manufacture of which has since been discontinued. 

Each cement was used with three different water contents: 4}, 
6, and 9 gal. per sack of cement. The mix was varied with each 
water content to give a constant consistency—approximately 3 to 
4-in. stump. The concrete mixes are given in the notes accompany- 
ing Fig. 1. 

Oven-dried sand and gravel from Elgin, Ill., were used for the 
concrete and mortar. The aggregates were graded from 0 to 1}-in. 
for the concrete strength and durability specimens, and from 0 to 
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No. 4 for the mortar bars for length change measurements. For the 
capillary flow specimens mine-run Ottawa silica sand was used. 

Elgin coarse aggregate contains some non-durable particles- 
chert, so-called ‘‘chocolate bars” and other soft particles. Since the 
presence of these non-durable particles would tend to confuse the 
results of the freezing-and-thawing tests, for the specimens exposed 

= to alternate freezing, the coarse aggregate was hand-picked to remove 
most of the non-durable material. abner? “i 
Taste I.—Cnemicat ANALysis. CompouNnD COMPOSITION AND FINENESS 
OF CEMENTS. 


(A) CuemicaL ANALYSIS, PER CENT BY WEIGHT 
Each value is the average of two determinations. 


Insoluble Free 


Residue | Ca 
0.24 


22.8 
6.8 
5.9 


Percentage passing No. 200 sieve determined in accordance with the Standard Specifications and Tests for 
Portland Cement of the American Society for Testing Materials. 
Each value is the average of two tests. 


Air Analyzer, per cent by weight finer than size indicated 


Tube A, 
0.0017 in., 
45 


67.8 
High 89.6 
High-early-strength cement B . 86.5 


The freezing-and-thawing tests were made on 6-in. concrete 
cubes. The cubes were completely submerged in water in individual 
cans and piled in layers 3 cans high on lift trucks and placed in the 
refrigerator for about 20 hr. During this period the temperature of 
the refrigerator was lowered from about +10 F. (—12 C.) to about 
—15 F. (—26 C.). At the end of the 20-hr. period the cubes were 
removed from the refrigerator and thawed in water at about 80 F. 
(27 C.). This freezing-and- thawing period is referred to as 1 cycle. 

.Mortar bars, 3 by 3 by 15 in., were used for length-change 

surements. The measurements were made by means of a fulcrum 


= ve 
ic| Loss | 
Silica Iron num /| Calcium} sium Anhy- on 
ae (SiOz) | Oxide | Oxide | Oxide | Oxide | dride | Ignitic 
(FexOs) | (AlsOs) | (CaO) | (MgO) | (SOs) 
: : Normal portland cement....| 21.19 | 2.79 | 5.56 | 63.55 | 3.09 | 1.64 | 1.18 
is . High-early-strength cement A 19.68 2.22 5.87 | 66.26 1.38 2.40 1.46 0.11 1.11 
os High-early-strength cement B| 18.31 2.95 7.79 | 65.90 0.87 2.14 1.54 0.12 1.08 
- 
a (B) Compvrep Compounp Composition rrom ANALYSIS, PER CENT BY WEIGHT 
| C38 CsA CAF | CaSO 
Normal portland 50.4 10.0 8.5 2.8 
igh-early-strength cement 66.0 11.8 6.7 4.0 
High-early-strength cement B.................... 62.0 15.6 9.0 3.6 
(C) Fuveness 
=. - 0.0011 in., | 0.0007 in., | 0.0004 in., 
51.2 36.0 23.2 
iz 76.8 58.5 34.7 
74.4 56.9 34.5 
‘ 
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plate strain gage on brass plugs inserted in the top surface of the 


Raymond Wilson and C. L. Ford of the laboratory staff. The appa- 
ratus (see insert in Fig. 5) consisted essentially of a glass bottle con- 
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pecimens at time of molding. 
The capillary flow test and the apparatus used were designed by 


aining a } by 5-in. mortar specimen projecting through a snugly 


TABLE II].—EFrect oF ALTERNATE FREEZING AND THAWING ON STRENGTH. 


By results for moist curing were obtained from age-strength curves of 6 by 12-in. concrete cylinders shown 
. 1 for ages corresponding to the ages of the cubes. 
th results for specimens frozen and thawed were obtained from 6-in. concrete cubes. The results reported 
re 85 per cent of actual test values in order to place them on the same basis as 6 by 12-in. cylinder strengths. 
Values in parentheses are strength ratios based on the strengths of the moist-cured specimens of same age. 


At First Sigu of Disintegration | Tests at Later Period* | Tests at Later Period” 


Compressive Compressive Compressive 
Strength, Strength, 
Ib. per sq. in. | Age | Ib. per sq. in. | Age | Ib. per aq. in. 
Num- at at 
of |Freezing Freezi Freezing. 
-| mont! reezing- 
Cycles} _and- | Moist and- | Moist and- | Moist 
Thawing| Cured Thawing| Cured Thawing| Cured 
Speci- Speci- 
mens mens mens 
Water Content—6 per Sack oF Cement 
Normal portland 
ea 15 60 4180 | 5450 3 4250 | 5800 5 4470 
(77) (78) (77) 
ig 
cement A......... 3 180 4550 | 6050 9 4130 | 6100; 11 
(75) (68) (71) 
7 240 3720 | 5450] 11 4480 | 5450/ 11 1790 
(68) (82) (32) 
Water Content—9 Gat. per Sack or Cement 
| 
Normal portland ~ 
28 60 | 1130 | 2750| 3 Disinte- 
(41) 
High-early-strength 
cement A......... 3 40 2400 | 3600 3 2400 | 3600 4 2620 
(67) (67) (72) 
Hligh-early-strength 
cement B......... + 90 2400 | 2600 6 2100 | 2800 9 2250 
(92) (75) (80) 


@ Represents 50 cycles more than at first sign of disintegration. 
> Represents 60 cycles more than at first sign of disintegration. 
fitting rubber dam which prevented any loss of water except through 
the specimen. 


PRINCIPAL RESULTS OF THE TESTS 


The test results are shown in Tables I and II and in Figs. 1 to 5. 
Table I gives the chemical analysis, compound composition and fine- 
ness of the cements. Table II contains the strengths of the cubes 
tested after different time exposures to alternate freezing and thawing. 

Strength Tests.—In the lower set of diagrams in Fig. 1 are water- 
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cement ratio - strength curves for 6 by 12-in. moist-cured concrete — 
. cylinders at ages of 1 day to 2 years. All the cements gave water- 
b . cement ratio - strength curves similar in shape to those obtained by 
< other investigators for moist-cured concretes. For a given water- 


cement ratio, the 1, 3, 7, and 28-day strengths for the high-early- 
strength cements were higher than those obtained with the normal 


Normal Portland Migh- Early- Strength High- 
~Cement A Cement B 

As. erative | + most Cured. 

moist cured- gal. moist cure 

0 | | ee 


Id. 3d 7d. 28d 90d ly d%yld 3d 7d 28d 90d ly ald 3d 7d 28d 90d ly dy. 
Age at Test, log scale 


High-Early-Stren, High-Larly-Strength 


| 


Net Water Content, gal. per sack of cement 


Fic. 1.—Compressive Strength of Concrete Made with High-Early-Strength and 
Normal Portland Cement. 

Compression tests of 6 by 12-in. concrete cylinders. > aan 
Unless otherwise noted, specimens were moist cured until test; tested wet. - ee 
Mix by weight: 4}-gal. concrete, 1:1.64:3.02; 6-gal. concrete, 1:2.53:3.80; 9-gal. concrete, 
1:4.36:5.41. 


Ala Dardlanad 


- 


portland cement. At ages of 1 and 2 years the strengths are about 
the same for both types of cements. 

In the upper set of diagrams in Fig. 1 are age-strength relation- 
ships for moist-cured concrete of three different water contents, 44, 6, 
and 9 gal. per sack, and also for a 6-gal. concrete which was cured in 
air at 50 per cent relative humidity after 1 day in the molds. The 
moist-cured specimens in these groups were tested wet, the air-cured 
specimens were tested dry. 


| 
i 
< 
4 
= 
A Da rtland 
4 5 6 7 
| 
| 
| 
A | 
Ve 
cit 
|| eT) + 


JO osuvyD ‘Oly 


Sysuow Ysa; ye aby 


| spjou ti 


-o—— 


F 
skopl 


O 
e 
= J+ 
— : “ 4 fn 
ives \ Avp > 
shop L \ — SN 90-3 
ow 2 
4/0 0 Ul UB vI- 3 


| 
vay, 


1] 
40 
| 
-@ 
\ 
\\ 
5 
| 
| 
tet 
+ 
1_ 
ow + « | 


334 on Errect or Moist CurING oN CONCRETE 


This set of diagrams brings out no new features in the comparison 
- _ the two types of cements except that in the case of the high-early- 
strength cements the differences between the strength of moist and 
air-cured specimens at ages greater than 28 days are much smaller 
than for the normal cement. This indicates that a short period of 
moist curing develops a large proportion of the potential strength of 
the high-early-strength cements. The fact that the air-cured speci- 
mens were tested dry makes the results somewhat higher than they 
would have been if the air-cured concrete had been tested wet. 
Strength specimens are on hand for test at the 5 and 10-year 
_ periods for all conditions. 
Length Change Measurements.—Figure 2 presents data on changes 
in length observed on 3 by 3 by 15-in. mortar bars. Initial readings 
were taken at 1 day. Thus length changes during the plastic period 
are excluded. Three periods of moist curing were used: 1 day, 7 
days, and 3 months, followed by storage in the air of the laboratory 
at 50 percent relative humidity for periods up to 18 months, at which 
time the specimens were placed in water. For each of the above 
conditions 3 water contents were used with each type of cement. In 
_ Fig. 2, the diagrams are shown broken between the ages of 6 and 18 
months in order to permit the use of a larger scale. The shrinkage 
_ between 6 and 18 months was relatively small. All comparisons of 
shrinkage are based on total shrinkage, that is, the contraction between 
the point of greatest expansion at the end of the moist-curing period 
and the shrinkage at the 18-months period. 
; : The mortars expanded when cured in the moist room and 
vag shrank when exposed to the air. The magnitude of the expansion 
from the original condition as compared to the shrinkage in the air of 
50 per cent relative humidity is negligible. The following tabulation 
shows the expansions at 3 months: a 


EXPANSION AT 3 MONTHS FOR MORTARS 
oF DirFERENT WATER CONTENTS, 


PER CENT 
4.25 GAL. 5.70 GAL. 8.50 GAL. 
PER SACK PER SACK PER SACK 
0.016 0.012 0.008 7 
0.008 0.004 0.004 
0.012 0.006 0.004 


As may be seen from the tabulation, the greatest expansion at 3 
months was obtained with the normal cement and the least with the 
_ high-early-strength cements. Reference to the figure shows that 
_ while in all cases expansion increases with duration of moist curing 
the rate of increase at 3 months is extremely s 
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The total shrinkage at the 18-month period for the 7-day and 
3-month moist-cured mortars in Fig. 2 were: 


Total Shrinkage at 18-month Period for Mortars of Different 
Water Contents, per cent 

7-day Moist Cured 3-month Moist Cured 

4.25 gal. | 5.70gal. | 8.50 gal. | 4.25 gal. | 5.70 gal. | 8.50 gal. 

per sack per sack per sack per sack per sack per sack 
Nermal 0.130 0.112 0.089 0.101 0.092 0.085 
0.122 0.121 0.112 0.098 0.099 0.094 
0.131 0.131 0.128 0.103 0.107 0.107 


The shrinkage of the mortars cured 1 day in molds and the mortars 
cured 7 days in the moist room were very similar and the results of 
the length change measurements for the 1-day curing were omitted 
from the tabulation. In general, greatest shrinkage was obtained 
with high-early-strength cement B and least shrinkage with the 
normal cement. The difference in shrinkage between the different 
types of cement was not great, except in the case of the 8.5-gal. mortars. 

An important observation from these data is the reduced shrink- 
age with continued moist curing beyond 7 days. This was evident 
regardless of the water content or type of cement and was most notice- 
able for the mortars made with a water content of 4} gal. per sack 
of cement. The fact that the mortars of lower water content are 
affected more by increased curing is logical, since they contain greater 
volumes of paste, and any factor affecting the paste will be reflected 
in the behavior of the mortar to a greater degree the greater the 
quantity of paste. Even at 18 months the mortars had not reached 
equilibrium. However, the rate of loss of water was so small that 
any conclusions based on the 18-month measurements would not be 
affected by the slight additional shrinkage that might occur before 
equilibrium is reached. 

After the 18-months drying period, the mortar bars were put in 
water and expansion measurements made for 3 additional months. 
In general, the bars with no original curing and those cured 7 days 
moist expanded about the same when placed in water, while bars 
cured 3 months moist showed slightly greater expansion. This appears 
to be true regardless of type of cement or water content. 

Absorption.—Figure 3 shows the absorption of water by the 
mortar bars following their return to water storage after 18 months 
of drying. The absorption is expressed as a percentage of the volume 
of cement paste in the mortar. Only the normal cement and high- 
early-strength cement A are shown in this figure. — 
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Several interesting features are brought out by the comparisons 
offered in these diagrams. In all cases the absorption was less for 
improved quality whether brought about by lower water-cement 
ratio or longer moist-curing period. Considering the absorption for 
the first 5 or 6 hr. of immersion, the effect of the long period of curing 
was more pronounced in the leaner mixes, while for the 28-day absorp- 
tion the richer mixes were improved the most. In all cases the more 
rapid hardening cement showed the least absorption but the differ- 
ence was less important for the longer curing period. 

The reduction in absorptiveness brought about by the improved 
quality of paste through lower water content or better curing is con- 
sistent with the behavior of the specimens subjected to alternate 
freezing and thawing as will be shown in the following section. The 


60 | | | | / day in molds, 3 months in mois? 
= room before exposure to aira@ 
9gal. Normal cement $0 per cent relative nant 
th Ceme months \'\ 
| gal. Nore | cement 
FZ 6 92! karly ngth Ccemen 1A 
= || cemen 
\. /day in molds, 
| molds no 4 then cured 6 days 
initial curing before moist room J 
4 10 exposure to air at || exposure fo air af 
4 per cent pany |! SO per cent relative 
0 | for months | 
6m 30 2 3456 id 3d 74 28d. Sm. 3045ihe. 2 3456 Id 3d 7d 14d. 28d. 15m.3045Ihe 2 5456 id 3d. 7d. 4d 28d. 


Fic. 3.—Absorption of Mortar. 


improved water-tightness combined with the greater strength due 
to better curing develops the improvement in resistance to the destruc- 
tive effect of the repeated freezings. 

Freezing-and-Thawing Tests.—Freezing-and-thawing data up to 
360 cycles are shown in Fig. 4. These durability studies weré made 
on 6-in. concrete cubes which were introduced into the refrigerator 
at time periods so arranged that the concrete had equal strengths at 
the start of the freezing-and-thawing cycles. For the 6-gal. con- 
crete, four strengths were used: 1750, 3800, 4900, and 5950 lb. per 
sq. in. For the 9-gal. concrete the strengths were 1750, 2450, 3350, 
and 3550 lb. per sq. in. Under this method of testing, the concretes 
from different cements were of different ages when exposed to the 
action of freezing and thawing. The respective ages are shown on 
the various graphs in Fig. 4. 


“4 
ar) 
thy 
Pity 
' 
- 
4 


337 


‘ainsodxy SpoWeg snoweA JO} peIND SdqnD Jo “Oly 
Buimey, pue 40 


silt 


0 09F O2E 082 Ove 002 091 OV O 


hop 06' | | stop 92 stop» fuauiay 


URING ON CONCRETE 


shop shop ¢ ‘ 


| 


— ad + 
sad OSES / | | 


O 

= 

oO 


ON 


‘ul "bs 096 S| = 40d 0069 sad 008 £: 


~¥20$ 06 


it 
| 
| 
é | —— 
112s 
THES 
| 
| 
aad UL (9 8807 a 
| 


Trums ON EFFect oF Motst CurRING ON CONCRETE 


In the richer mix, 6 gal. per sack, moist curing up to about 2 
weeks improved resistance to disintegration, but in the 9-gal. mixes 
prolonged curing gave virtually no improvement. Unlike the im- 
provement effected in the case of strength, the resistance seems to 
reach a maximum beyond which no further improvement is shown 
by continued moist curing. This is clearly brought out in Fig. 4 
by the curves for high-early-strength cement A in the upper group of 
diagrams where the maximum resistance was reached after 7 days 
curing. It is also shown for the normal cement in the 9-gal. concrete 
where curing up to a period of 1 year before exposure did not increase 
the resistance to freezing and thawing over that shown for the 28-day 
curing period. 

In considering these data the fact should not be overlooked that 
some additional curing is obtained during the early exposure period. 
The specimens are at all times submerged in water and during the 
thawing period, at least (4 to 6 hr. every day), to moderate tempera- 
tures. The high-early-strength cement seems to have an advantage 
in this respect, due no doubt to its more rapid rate of hardening in 
the early curing period. 

This effect of additional curing makes it difficult to obtain a 
direct comparison between the two types of cements exposed to 
freezing action when a given strength is attained. However, certain 
comparisons are of interest. For the specimens exposed when a 
strength of 1750 lb. per sq. in. was attained, the richer mixes (6 gal.) 
of the high-early-strength cements cured 1 and 1} days showed dis- 
tinctly better resistance than the leaner mixes (9 gal.) cured respec- 
tively 3 and 4 days. But with the normal cement, the rich mixes 
cured 3 days before exposure were slightly less resistant than the 
lean mix cured 28 days. 

No comparison exactly parallel to the above is offered for the 
higher strength concretes, but the 6-gal. mixes introduced into the 
refrigerator at a strength of 3800 lb. per sq. in. can be fairly compared 
with the 9-gal. mixes of strengths 3350 and 3550 lb. in the two right- 
hand diagrams of the lower group. For both types of cements the 
richer mixes of shorter curing showed a greater degree of resistance 
over the leaner mixes cured longer periods, than is indicated by the 
small difference in strength at the time of exposure. It is interesting 
to compare also the richer mixes of 1750-lb. strength at the time of 
exposure with the leaner mixes of 2450-lb. strength. For the high- 
early-strength cements the richer mixes again showed a decided 
advantage even though they had a disadvantage of 28 per cent less 
strength at the time of exposure. For the normal cement, the leaner 
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mix cured 90 days (2450-lb. strength) was definitely better than the 
rich mix cured only 3 days (1750-lb. strength). It appears from this 
that for the normal cement the additional curing during the alternate 
freezing and thawing, when exposed at 3 days, is not sufficient to 
develop greatly improved resistance. While the data offer no com- 
parison it is probable that with a few more days early curing a com- 
parison for the normal cements would be of the same order as for the 
high-early-strength cements. 

For each set of cubes used in determining the curves in the second 
diagram for the 6-gal. concrete and the first diagram for the 9-gal. 
concrete in Fig. 4 there was a companion set of 3 cubes which were 
introduced into the refrigerator at the same time and cured through | 
the same number of cycles until the first signs of disintegration were 
evident, at which time one of the extra 3 was tested in compression. 
After another 50 cycles the second cube was tested and after another 
10 cycles the third cube. The strengths of these cubes are given in 
Table II. The table shows the age and strength of the specimens 
when removed from the test, also the strengths of similar concretes 
cured moist for the same period of time. The values shown for the 
cube strengths are the actual test results reduced by 15 per cent to | 
give the equivalent strength in terms of 6 by 12-in. cylinders. 

In all cases the concrete exposed to freezing and thawing shows 
lower strength than similar concrete moist cured for the same age. | 
For the 6-gal. concrete the strength at the time of the first signs of = 
disintegration was 68 to 77 per cent of the strength of similar moist- __ 
cured concrete of the same age. In the case of the 9-gal. concrete _ 
the strength ranged from 41 to 92 per cent. The 41-per-cent value — 
was obtained with the normal portland cement. This low strength 
for the normal portland was reflected in the rapid disintegration _ 
after the first signs were noted. Im general, the strength decreased __ 
with additional exposures for 50 and 60 cycles. It is worthy of note 
that in all but one case the strength of the specimen tested at first 
sign of disintegration was greater than the strength at the time of 
exposure to the repeated freezings. i 

Capillary Flow Test.—In order to study further the rate at which | is 
cement pastes harden in water and thus bring out the effect of early . 
curing and differences in types of cement, a new type of test was 
tried. This test, which has been termed the capillary flow test, con- 
sists in measuring the amount of water evaporated from a specimen, 
one end of which is immersed in water. The apparatus usedis sketched _ 
in Fig. 5 on which are plotted also the results of tests in terms of the 
average daily flow against the age of the specimen. 
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Separate curves are shown for 3 different mortar mixes for each 
of the two types of cement. The mixes were made with water con- 
tents of 50, 65, and 80 percent by weight of cement (equivalent to 
5.6, 7.2, and 9.0 gal. per sack, respectively) with sufficient mine-run — 
Ottawa sand added to give a plastic consistency suitable for molding 
in the j-in. diameter by 5-in. specimens. 

This type of test was found to be particularly valuable in com- 
paring the permeabilities at early ages, and in showing the effect of _ 
type of cement upon the development of increased water-tightness _ 
during the early hardening period. For the mortars shown in this 
figure, with 50 and 65 per cent water by weight of the cement, the - 

| | ' 
7 Normal Portland | 


17 | Cement | | 


| | Air blast from 
electric fan on 


Water 80per cent by Weight by Fin. specimen 

> 
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Age of Specimen, days 
i Fic. 5.—Capillary Flow as Influenced by Continuous Moist Storage. ; 


specimens were placed in the flasks and exposed to a blast of air 
from an electric fan after curing only 1 day in the molds. For the 
specimens with 80 per cent mixing water, a longer time in the mold 
was necessary to avoid injury in handling. Since the specimens 
were partly submerged in the flask and only the upper end exposed 
to the drying atmosphere the curing continued much the same as if 
in an all moist condition. The efiect of this continued curing is 
shown in the reduced daily flow for all of the mortars indicated on the 
figure. An interesting point in this test, not brought out by Fig. 5, 
was that the flow at any particular age of the specimen was the same 
whether the specimen was placed in the flask on that particular day 
or had been in the flask and subjected to the capillary effect prior to 
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that time. All of the points represented on Fig. 5 are for the speci- 
mens introduced at the age of 1 or 2 days as mentioned above. 

It will be noted from the curves that the permeabilities of the 
mortar decreased rapidly at first, then more slowly, finally reaching 
a uniform rate which apparently does not change over a relatively 
long period of time. The efiects of the lower water ratio with both 
cements and the increased rate of action in the case of the high-early- 
strength cement in bringing the specimen to the condition of constant 
flow at an early period are clearly seen. For example, the specimen 
of high-early-strength cement and 50 per cent mixing water obtains 
at the second day a rate of flow which was not reached until the _ 
fourteenth day by the specimen of normal portland cement mixed _ 
with 80 per cent water. 

While the data from these tests cannot be directly compared 
with the other results reported herein, they do show the direct effect 
of increased curing on the development of water-tightness. They 
also show the effect of the more rapid hardening in the high-early- 
strength cements on the early development of a given degree of 
water-tightness. 

Inasmuch as the richer mortars reached a constant rate of capil- 
lary flow within 2 weeks, this may be taken as indicating the reason © 
why prolonged curing of the richer mix did not increase resistance to _ 
freezing and thawing as discussed above. 


SUMMARY 


This investigation was undertaken to supply information on 
the effect of moist curing on strength, volume change, absorption, 
durability, and permeability as measured by capillary flow. Both 
normal portland and high-early-strength cements were investigated. 

Following are the principal results: 

1. Typical water-cement ratio - strength curves for moist-cured 
concrete were obtained regardless of the type of cement or test age. 
A significant feature of the strength tests was the smaller differences 
between the strength of moist-cured and air-cured specimens at _ 
ages greater than 28 days exhibited by the high-early-strength cement. 

2. Increased expansion of mortars in moist air but decreased 
shrinkage in dry air at 18 months resulted from longer periods of | 
moist curing. This was true for all water contents and for both 
types of cement. The difference in volume change between the © 
normal portland and high-early-strength cement was not of great 
importance. ‘ 

be 3. Mortars of better quality were less absorptive, regardless of © 


on Errect of Moist CurRING oN ConcRETE 3410 
| 
il 
| 
| | 
— | 
| 
| 
= 
4 i | 
i 


whether the better quality was due to a lower water content or pro- 
longed curing. 

4. Up to a certain period, increasing the duration of moist 
curing of the concrete before exposure increased its resistance to the 
destructive effects of freezing and thawing, but further curing had 
Mt no effect in increasing resistance. The length of this beneficial curing 
period depended on the type of cement and water content of the 
= paste. With a given cement and curing periods sufficient to develop 
the maximum resistance in each case, the richer mixes gave greater 
resistance than lean mixes of the same strength at the time of exposure. 

5. The rate of capillary flow in mortars is influenced by duration 
of exposure, by type of cement and quantity of mixing water. Even 
Me the mortars of high water content in a relatively short time reached 
Tay a uniform rate of leakage which was quite small as compared with 
a the rate of leakage when first exposed. 
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DISCUSSION 


Mr. M. O. WirHEy! (presented in written form).—This paper 

ontains much valuable data on the effect of duration of moist curing 

on the strength and absorptive properties of concrete made with the 
principal types of portland cement. 

The data indicate that concrete made with the high-early- 
strength cement A was superior in strength at early ages and required 
a shorter period of moist curing for a given strength than concrete 
of like water content made with the normal portland cement. The 
lower absorption of the concrete made with the high-early-strength 
cement and the markedly superior resistance to freezing and thawing 
as evidenced by the strength ratios in Table II of the paper of con- 
cretes of the high-early-strength cements is information of much 
importance to those interested in winter construction. 

It would be of interest to know whether the volume changes of 
the mixes shown in Fig. 2 correspond to the relationship which was 
worked out by Mr. Lagaard some years ago at the Association 
Laboratory. 

In Table II and Fig. 4 data are given showing the resistance to 
freezing and thawing. These data, like some of our own, indicate 
that the loss in weight is far from being a quantitative measure of the 
loss in strength. For example, according to the data on concrete 
made from high-early-strength cement A, a loss of strength of 32 per 
cent for a concrete with a moist-cured strength of 6100 Ib. per sq. in. 
was accompanied by a loss in weight of only 1 per cent. Likewise, 
for a concrete of normal portland cement exhibiting 5800 lb. per sq. 
in. moist-cured strength, a 27 per cent loss in strength was accom- 
panied by a loss in weight of only 1 per cent. In another instance, 
the concrete made from the normal cement cured 28 days showed © 
a 59 per cent loss in strength after 60 cycles of freezing and thawing 
whereas the loss in weight was only 3 per cent. These examples 
indicate very clearly that a very large loss in strength may be 
accompanied by only a slight change in weight and little visible 
evidence of disintegration. Hence, the shapes of the curves in Fig. 
4 are not characteristic of curves representing loss in strength. It is 
to be hoped that the author may later be able to supply similar data 
based on loss in strength. 


1 Professor of Mechanics, University of Wisconsin, Madison, Wis. ad ea ae 
wens 
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The latter part of conclusion No. 4 of the paper indicates that 
with a given cement and a sufficient time of curing to develop maximum 
resistance to freezing and thawing, the richer mixes were more resistant 
than the leaner mixes of the same strength. This statement should 
not be misinterpreted to mean that richer mixes of a given strength 
are more durable than lean mixes of the same strength and curing 
conditions. 

Mr. C. A. Hucues' (by letier) —That moist curing increases the 
resistance to freezing and thawing during early ages is well established 
by the author’s data and by those of other investigators. However, 
there is much yet to be learned about the effect of continued curing. 


TABLE I.—APPROXIMATE NUMBER OF CYCLES OF FREEZING AND THAWING AT LOSSES 
OF 8 AND 20 PER CENT BY WEIGHT. 


The need for such information is increased by the fact that available 
data apparently do not correlate with accepted ideas as to the effect 
of continued hydration on strength and porosity. Since disintegra- 
tion due to frost action results chiefly from the pressure of ice forming 
internally, it seems to follow that increased resistance to freezing and 
thawing would result from increased strength and decreased porosity. 

The author’s data show both increased strengths and decreased 
porosities with continued curing, though the capillary flow tests 
indicate little if any decrease in porosity after the first three weeks 
even for lean mixes. Assuming criterions of the resistance to freezing 
and thawing as the numbers of cycles at 8 and 20 per cent loss, respec- 
tively, the approximate data of the accompanying Table I was read 
from Fig. 4 of the paper. 


1 Associate Professor of Structural sees iii of Minnesota, Minneapolis, Minn. 


Cement A Cement B Normal! Cement 
a me Number of Cycles eit Number of Cycles Initial Number of Cycles 
url 
Peri Peri Peri 
days 8 per cent |20 per cent 8 per cent |20 per cent days 8 per cent |20 per cent 
loss loss loss loss loss loss 
Warer-Cement Ratio, 6 GAL. per Sack 
28 260 340° 
Warer-Cement Ratio, 9 GAL. per Sack 
140 185 2... 130 160 95 119 
@ Extrapolated. 


=% 
| 
yo 
| 
<= 
. 
a 
i} 
) 
| 
| 
| 
: a 


ay} Jo suauoedg []y JO 94} "Saqng “Ul-Z Jo pur OF =a 
aje2s Go) ‘2sA‘oyey areds juawa) aiers 60 areds juawia) 
SVO OVO SFO OF0 Oso OVO SEO OVO SEO OF0 OVO SFO 
T = 
0E- 
Z é. Ba 
Ol 
O¢+ 
ig 
° $3 
<3 
6 | 000 S 
Q : - 4/0 02+ 000 0! 
3 


& 
| 
| 
| 
ut 
m hy 
it 
92 
h 
ie 
d if 
s 
| 
1 
| 
~ 
| 
it 
- 
4 | | | 
| 
‘ 
“4 


(346 Discussion ON Errect oF Moist ON 


If the above criterions be accepted, then it is evident that pro- 
longed curing not only did not increase the resistance, but decreased t 
it in certain cases. It is true that the decreases shown are relatively 
small and may well be due only to the variations that are bound to 


] 
TaBLE II.—STRENGTHS, PASTE POROSITIES AND RESISTANCES TO FREEZING AND 
THAWING OF SUBMERGED SPECIMENS RELATIVE TO Moist Arr-CURED SPECI- 
MENS. AGE CONSTANT. 


of Number of Number of 
Age Com- | Porosity |H a oan a Com- | Porosity|H cycles at} Com- | Porosity|H cycles at 
jive of (30 per cent jive of (30 per cent ive of 30 per cent 
Paste | Lossin | Strength) Paste | Loss in Strength Paste in 
Weight Weight Weight 
Cement Space Ratio, Cement Space Ratio, Cement Space Ratio, 
= 0.483 = 0.360 = 0.304 
t+e t+e e+e 
Cement No. 8: 
ERTS. —0.17 | +7.28 —1.81 —8.80 | +1.87 | —12.38 +1.25 | +1.03 —2.64 
8 months......... +4.42 | +0.58 —6.87 +3.50 |+12.62 | —24.68 —0.52 |+20.69 | —26.81 
Cement Space Ratio, Cement Space Ratio, Cement Space Ratio, 
c c c 
= 0.479 = 0.349 = 0.295 
e+e w+e 
Cement No. 10: . 
Bs cnccinded +3.69 | +7.51 +6.00 +2.18 | +6.18 —4.95 —4.99 | +6.97 | —19.20 
8 months......... 0 +10.52 +0.50 +2.13 }4+12.05 —9.73 —7.30 |+12.34 —3.20 


TasLe PASTE PoROSITIES AND RESISTANCES TO FREEZING AND 
fe THAWING OF 8-MONTH SPECIMENS RELATIVE TO 28-DAY SPECIMENS. CURING 
CONDITION CONSTANT. 


“#t, Sie A Number of | Number of Number of 
Com- | Porosity |H cycles at} Com- | Porosity|H cycles at} Com- | Porosity|H cycles at 
i of per cent i of per cent} pressive of {30 per cent 
Strength Paste | Loss in Serength Paste | Lossin Strength] Paste | Loss in 
Weight Weight Weight 


Cement Space Ratio, Cement Space Ratio, Cement Space Ratio, — 


= 0.360 
“+e t+e 


—26.82 |+11 —29.44 |+13.13 | —5.27 0 
—31.88 |-410. 75 | —41.74 |+11.36 |+14.39 | —24.17 


Cement Space Ratio, Cement Space Ratio, Cement Space Ratio, 


c 


t+e 


—0.21 | +25.80 |+26.44 | —0.44 
+5.66 | +21.02 |+24.13 4.97 


occur in a test as difficult to control as freezing and thawing. Never- 
theless, further tests should be made to establish whether or not such 
decreases are indicative of reduced resistance at later ages. The 
writer has recently obtained some data which he hopes may be of 
interest as a supplement to that presented by the author. 
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In a paper presented before this Society in 1933,' it was shown 
that the resistance of mortar cubes cured 90 days submerged in water 
was less than when stored 14 days in water, 11 days in air and 3 days 
in water, prior to the first cycle of freezing and thawing. Data 
from another investigation indicated that this unexpected result was 
probably attributable to the period of air curing. It was suspected, 
however, that the relatively low resistance of the 90-day specimens 
might be partly due to leaching during storage under water. Conse- 
quently, the two portland cements showing the greatest and least 
relative resistance at 90 days were used in a short series, in which 
half the specimens were submerged in water and half were cured in 
moist air for 28 days and 8 months, respectively, prior to test. The 
consistency was approximately consiant for the three mixes used. 
The “porosities” are the differences in weight of the specimens 
surface dried on removal from the moist room and oven-dried ex- 
pressed as percentages by volume of the mortar or of the paste. The 
freezing and thawing cycle was the H cycle described in the paper 
referred to. 

The test values (averages of data from three 2-in. cubes) are 
shown in the accompanying Fig. 1, and the percentage deviations 
from the averages of all specimens of the same mix made from the 
same cement in Fig. 2. In the accompanying Tables II and III, the 
data are arranged to show more clearly the efiect of the two curing 
conditions and the effect of the two ages respectively. These data 
are in good agreement with those of the original investigation except 
for the specimens of the richest mixes cured 90 days in water, the 
resistances of which were relatively low. 

It is interesting to note from Fig. 1 that the porosities expressed 
in terms of the mortar volumes are substantially equal for all three 
mixes and therefore give no information as to the relative resistance 
to freezing and thawing. The correlation indicated between the 
paste porosity and the resistance to freezing and thawing is to be 
expected since both are functions of the cement-space ratio. 

The porosities of the moist air cured specimens were about equal 
at both ages (see Fig. 1). That leaching occurred is plainly evidenced 
by the increased porosity of the specimens submerged in water, the 
increase being much greater at 8 months than at 28 days (see Table II): 

Examination of Table II will show that for the same initial age, 
an increase in porosity was accompanied by a decrease in resistance 
to freezing and thawing, except for the richest mix of cement No. 10. 


1C, A. Hughes, “The Durability of Cement Mortars; the Cement and Method of Testing Major 
Variables,’ Proceedings, Am. Soc. Testing Mats.. Vol. 33, Part II, p. 511 (1933). en re 
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No. 8 when the data are compared with the curing condition constant 
and the age varying (see Table III). It will be noted from Figs. 1 
and 2 that the resistance to freezing and thawing of the 8-month 
specimens of this cement was less than that of the 28-day specimens. 
In contrast, the resistance of the 8-month specimens of cement No. 10 
was greater than that of the 28-day specimens. In this case increased 
resistance was obtained with increased porosity. Evidently some 
factor or factors other than porosity are involved. The writer has 
found no explanation for the difference in behavior of cements Nos. 8 
and 10. It may possibly lie in their elastic properties or in the effect 
of over-all grading on the size and arrangement of pores. While the 
strength difference between the two ages is greater for cement No. 10 
than for cement No. 8, this is believed to have little influence. The 
calculated constitutions for the two cements are so similar that no 
help is apparent from that quarter. 

Since these cements were specially selected from 18, the contrast 
afforded by them after prolonged curing is greater than probably 


will attain for any other two cements not so selected. As might be 


expected, therefore, the results of the author, while exhibiting the 
same general characteristics, do not do so to the same degree, at least 
up to the ages for which data are given. Also, of course, the effect 


a leaching will be much more noticeable for 2-in. mortar cubes than 
_ for 6-in. concrete cubes. 


Mr. H. J. (by letter). —On page 335 of the paper, the author 


states: “An important observation from these data is the reduced 


shrinkage with continued moist curing beyond 7 days.” The writer 
questions the validity of this statement both on the basis of the data 
presented in this paper and from tests performed by himself and 
others in 1928 and 1929.? 

For the 4.25 gal. per sack mixtures (top of Fig. 2 of the paper) 
there is shown a small reduction in total shrinkage after the swelling 
that occurs in 3 months has been added to the shrinkage below the 
zero line. For example, the normal portland cement (upper left- 
hand box) swells 0.02 per cent and shrinks 0.09 per cent at 18 months 
total age. Thus, the volume change that occurs during the 15 months 
in air following the 3 months in the moist room is 0.11 per cent while 
that for the specimens remaining in the forms one day, as well as 
those which had one day in the moist room, is 0.12 per cent which is 


1 Professor and Head, Department of Theoretical and Applied Mechanics, Iowa State College, 
Ames, Iowa. 


2 J. L. Savage, I. E. Houk, H. J. Gilkey and Fredrik Vogt, Engineering Foundation Arch Dam 

Investigation, Vol. II, p. 516, Fig. 164. 
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nt hardly a significant difference. It can be contended, of course, that 
nt the proper datum for judging shrinkage is the original volume (as out 
1 of mold) rather than the swollen volume after the period of moist 
th curing. While this may be debatable for some cases, the writer 
ns. inclines to the view that the change from the swollen volume is the 
10 important one for most structures. 
ed The case considered is the one for which the statement comes 
me nearest being true but it does not represent the concrete of practice. 
as A water-cement ratio of 4.25 gal. per bag (water-cement ratio = 0.56 
8 approximately) can be used only with mortars or very rich concretes. 
ect The concretes in the middle row of boxes have 5.7 gal. per sack 
he (water-cement ratio = 0.75) which represent the richer of practical 
10 concretes. For the normal cement the status at 18 months is almost 
he identical, the concrete cured for 3 months having a slightly smaller 
ne total shrinkage than that exposed at one day. 
For the moderately wet or lean mixture, 8.5 gal. per sack (water- 
ast cement ratio = 1.14) the net shrinkage of the concrete cured for 3 
oly months is identical with that for the one-day curing and the gross 
be shrinkage exceeds it. 
the In these respects the writer’s data! are similar to those shown. 
ast The mixture was that used in the Stevenson Creek model dam, maxi- 
ect mum size of aggregate being 3 in. and water-cement ratio being 1.00 
an (7.5 gal. per sack). Specimens were exposed to the air of the labora- 
tory at ages of 2 days, 7 days, 28 days, 3 months and 8 months and 
hor remained in air up to a total age of 342 days (virtually a year). At 
ced the termination of air exposure, the specimens exposed at 8 months 
ter were still shrinking at a fairly rapid rate while the others were almost 
ata dormant. The net shrinkage for the specimens exposed at 28 days 
ind and 3 months both slightly exceeded that for the 2- and 7-day ex- 
posures while the gross shrinkages were appreciably greater for the 
er) longer prior curings. The tabulation gives approximate values. 
ce Beams or bars 3 by 3 by 40 in. with end inserts were used: 
€ 
| change st | 24 bor 
ths Age Exposed 1 year, aire 
ths per cent per cent 
hile sas —0.070 | —0.070 | +0.010 
| as +0.012 | —0.087 | —0.099 | +0.012 
h is +0.018 | —0.058° | —0.076° | +0.017 
liege, * 8 months specimens still shrinking at age of 1 year (almost 4 months in air). 


Nors.—To assist in visualizing these figures, 0.1 per cent = 1.2 in. per 100 ft. 


1J. L. Savage, I. E. Houk, H. J. Gilkey and Fredrik Vogt, Engineering Foundation Arch Dam 
Investigation, Vol. II, p. 516, Fig. 164. 
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It will be noticed that the numerical values in the tabulation are 
strikingly close to those shown in the paper except for the last column 
which represents the status after 24 hr. re-immersion at the termina- 
tion of the period in air. Apparently the author’s specimens recovered 
only about half the amount of those in the writer’s tests. The writer’s 
tests showed a close relationship between volume change and changes 
in weight. Changes in weight under air exposure, oven drying, re- 
immersion, etc., have been observed for many different mixtures and 
ages and the writer has yet to find a mixture that does not recover 
virtually its initial weight upon 24 hr. resoaking by immersion. 
This fact leaves him wondering whether the partial recoveries shown 
should be accepted as typical of concretes and mortars generally. 
Perhaps this point calls for further study before venturing a gen- 
eralization. 

The shapes of the resoaking curves for the 3-month curing (right- 
hand box of Fig. 3 of the paper) are typical of those obtained in the 
writer's tests. 

Ample curing is so intimately related to all good qualities in 
concrete that prior to his own tests the writer believed that, of course, 
shrinkage would be decreased by increased curing. Disillusionment 
came with a piece of pavement on which every precaution was taken 
to avoid cracking by providing ample curing. Cracks were delayed 
but were not prevented. Both the author’s and the writer’s tests 
show that this was to be expected. 

The writer desires to call attention to one other statement that 
he feels might give a misleading inference to some. The last sentence 
in paragraph 1 of page 334 states, ‘‘ The fact that the air-cured speci- 
mens were tested dry makes the results somewhat higher than they 
would have been if the air-cured concrete had been tested wet.” 
In this case the word somewhat probably means not less than 20 per cent 
and possibly 30 per cent or more. In spite of oft-repeated emphasis"? 
upon the important differences in strength that accompany differ- 
ences in test condition (dry or wet), there continues to be a tendency, 
on the part of many engineers, to overlook or under-rate this factor. 
Hence, the present insistence that “somewhat,” as here used, repre- 
sents much more than a negligible 5 or 10 per cent. 


1H. F. Gonnerman, “ Study of Methods of Curing Concrete,’ Proceedings, Am. Concrete Inst., 
Vol. XXVI, pp. 359-396 (1930). 

2H. J. Gilkey, “ The Effect of Varied Curing Conditions upon the Compressive Strength of 
Mortars and Concretes,’’ Proceedings, Am. Concrete Inst., Vol. XXII, pp. 395-431 (1926). 

Discussion by H. J. Gilkey of Symposium on Field Control of the Quality of Concrete, Pro- 
ceedings, Am. Soc. Testing Mats., Vol. 27, Part II, p. 424 (1927) 

Discussion by H. J. Gilkey of paper by C. L. McKesson, “ Finishing and Curing of Concrete 


Roads,” Transactions, Am. Soc. Civil Engrs., Vol. 91, pp. 155-167 (1927). sok 
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In closing, the writer wishes to commend the author upon the 
excellence of his paper and upon the great fund of useful data that 
have been condensed to brief and readily available form. The points 
discussed relate to but a small part of the paper’s valuable contents. 

Mr. A. T. GoLtpBEeck.'—We have been doing some work in 
expansion and contraction and I would like to bring out one point 
which, to me, is rather interesting. We made up concrete specimens, 
put them in a moist room and began to take expansion measurements. 
We observed the usual expansion due to moisture and the usual 
shrinkage due to the drying out of that moisture upon exposure to 
dry air. 

At the end of four months’ drying, we again immersed the speci- 
mens and they immediately expanded and finally reached constant 
length at the end of 20 to 30 days. The temperature of the water 
in which the specimens were immersed was then raised from 70 to 
135 F. (21 to 57 C.) and the specimens expanded due to the increased 
temperature. However, when the temperature of the water was 
again lowered to 70 F. (21 C.) it was found that the specimens did 
not come back to their original length. These cycles of temperature, 
generally of two days’ duration and ranging from 70 to 135 F. (57 C.) 
were repeated 60 times and the length of each specimen, measured 
at 70 F. (21 C.), gradually increased. 

This increase in length was not due to the effect of the water 
alone, for it will be recalled that all of the specimens had previously 
reached constant length when immersed in water at a temperature of 
70 F. (21 C.). The residual increase in length due to the 60 cycles of 
temperature alternation was roughly 0.0005 in. per inch of length, 
whereas the expansion of the specimens due to moisture alone was 
roughly 0.0003 in. per inch of length. Thus it becomes quite evident 
that the growth in length of concrete due to the combined effect of 
moisture and alterations in temperature is far more important than 
the increase in length of concrete due to moisture alone. 

Perhaps this phenomenon helps to explain the gradual closing 
up of expansion joints under certain conditions and perhaps, also, 
it explains the gradual increase in warping of concrete slabs at expan- 
sion joints. I feel that more work along this particular line would 
be profitable. 

Mr. R. E. Davis.2—A year or so ago, we made some tests on 
small slabs in the field as a part of the Bay Shore highway investiga- 
tion south of San Francisco, in which we had imbedded in the bottom 


1 Director, Bureau of Engineering, National Crushed Stune Assn., Washington, D. C. 
2 Professor of Civil Engineering, In Charge of Engineering ees Lae University of 
California, Berkeley, Calif. ais, 
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of each slab Carlson strain meters and in the top of each slab strain 
gage plugs, so that we could determine the changes in the dimension 
of both the top and the bottom. The slabs were under observation 
approximately a year. At the end of that time, the total expansion 
in the bottom of the slab considerably exceeded the expansion that 
took place in corresponding concrete which had been continuously 
immersed in water at 70 F. (21 C.) in the laboratory. We have 
also noticed in connection with durability tests consisting of alter- 
nating high and low temperature, and of wetting and drying, that 
the modulus of elasticity of the concrete after this treatment was 
very much less than for corresponding concrete that had been cured 
under moist conditions for the same period of time, perhaps indicating 
the existence of small fractures within the mass. 
: Mr. F. H. Jacxson.'—Certain observations which I have made 
_ have indicated that very thorough curing by means of water during 
the early period is of primary importance in developing the maximum 
_ strength and durability of concrete paving slabs. The burden of 
evidence seems to indicate that the first three days of curing are the 
most important. In this connection, it seems to me a question 
whether the use of the so-called surface seal blankets placed over the 
top of the concrete slab after it is, say 24 hours old, is sufficient, in 
that they do not supply any moisture to the slab other than that 
which is already contained in it after the concrete is hardened. I 
question whether we get the maximum curing effect under such 
conditions. As you all know, a very large proportion of our concrete 
pavement slabs are cured in this manner at the present time; that 
is, some sort of a surface covering placed over the concrete to retain 
the moisture. The question arises whether this is sufficient and 
whether additional moisture should not be added to the surface at 
least during the first few days of its existence. 

Mr. A. G. Troms? (author’s closure by letter) —Replying to Mr. 
Withey’s question, the length changes reported were measured on 3 
by 3 by 15-in. mortar bars which were considerably smaller than 
those used in the tests reported by Mr. Lagaard. Also, all of the 
specimens were made with mortar, while the majority of the specimens 
used in determining the relationship found by Mr. Lagaard were 
based on concretes. In general, the specimens made with high-early- 
strength cement were in close agreement with Mr. Lagaard’s earlier 
relationships. However, the normal portland cement mortars lost 
more water with a consequent greater shrinkage for a given water- 


1 Senior Engineer of Tests, U. S. Bureau of Public Roads, Washington, D. C. , iF 
? Assistant Manager, Research Laboratory, Portland Cement Assn., Chicago, Ill. dy. 
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cement ratio. The differences correspond to an increase in cement of 
} to ? sacks per cu. yd. 

In regard to Mr. Hughes’ discussion, the author does not believe 
one is quite justified in selecting losses of 8 and 20 per cent as a basis 
of comparison, because sharp changes in direction of the curves in 
Fig. 4 occur at about 8 per cent. Furthermore, the small decreases 
in resistance pointed out by Mr. Hughes probably reflect the varia- 
tions that are bound to occur in freezing-and-thawing results because 
of the difficulty of controlling the test. 

The leaching that Mr. Hughes obtained in 2-in. cubes would 
not be comparable to any leaching that might occur in dense concrete 
mixtures. Mr. Hughes shows in the table more examples of decreases 
in resistance for the 6-gal. than for the 9-gal. concrete, which appears 
to be at variance with the idea that leaching due to continued wet 
storage is a serious factor in the resistance of concrete. 

Replying to Mr. Gilkey’s discussion, the following tabulation 
shows the ratio of the total shrinkage after 3 months moist curing 
to that after 7 days moist curing: 


4.25 GAL. 5.70 GAL. 8.50 GAL. 


: PER SACK PER SACK PER SACK ee 
Normal 0.79 0.82 0.96 


0.79 0.82 0.84 


ee may be seen, the total shrinkage for 3 months moist curing 
was from 96 to 79 per cent of that for 7 days moist curing, depending 
on the water-cement ratio and type of cement. These values show 
some reduction in shrinkage with prolonged moist curing, but as 
Mr. Gilkey points out, this may under certain conditions have little 
practical significance. 
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PL AST IC FLOW OF CONCRE TE UNDE R SUST. AINED STRESS 


R. E. Davis,’ H. E. Davis,! anp J. S. HAMILton' 
be 
SYNOPSIS 

This paper describes laboratory tests made on plain concrete cylinders 
and reinforced concrete columns subjected to sustained compressive stress. 
The tests have been carried on in the Engineering Materials Laboratory of the 
University of California over a period of about seven years. 

The test results show the influence upon plastic flow or time-yield of the 
following variables: (1) duration of loading, (2) moisture condition of storage, 
(3) moisture content of concrete, (4) temperature of storage, (5) gradation of 
aggregate, (6) mineral character of aggregate, (7) size of mass, (8) age at time 
of application of load, (9) intensity of sustained stress, (10) lateral restraint, 
and (11) reinforcement. The extent of plastic recovery upon release of sus- 
tained load is indicated. In the studies on reinforced concrete columns, the 
variation in stress, with time, between the concrete and the steel is determined. 

In the paper are discussed fundamental causes of flow, the interrelation 
between plastic flow and shrinkage, and the conditions under which flow under 
compressive stress may be important in design. 

Among the conclusions it is pointed out that (a) flow in plain concrete 
may continue for periods of more than seven years, although the major portion 
of the deformation takes place within a year or two after application of load, 
(b) flow in reinforced concrete columns may practically cease after about one 
year under load for dry-stored columns, and after a few months for wet-stored 
columns, (c) the major portion of plastic flow is apparently due to seepage of 
colloidal water from the cement gel, although it is believed that some deforma- 
tion may take place due to viscous and crystalline flow, (d) flow is markedly 
influenced by moisture condition of storage, moisture content of concrete, age 
of concrete, grading and character of aggregate, intensity of stress, size of 
mass, and reinforcement, (e) due to flow, the stress in the steel in reinforced 
concrete columns may in time reach or exceed the yield strength of the steel, 
while the concrete stress may be reduced to a value approaching zero. 


It is a ccna fact that plastic flow, or time-yield, ili 
place in concrete structures under stress. Tests have shown that, 
although the rate of flow decreases with time, this yielding continues 
for several years and may reach a considerable magnitude. Obser- 
vations of reinforced-concrete columns over a period of years have 


1 Professor of Civil Engineering, Instructor in Civil Engineering, and Research Assistant in the 
Engineering Materials Laboratory, respectively, University of California, Berkeley, Calif. 
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indicated that due to flow there is a marked redistribution of stress 
between the concrete and the steel, such as to require consideration 
in design. ‘There may be a wide variation in the magnitude of flow, 
depending upon the character of the concrete, upon the atmospheric 
conditions to which the concrete is exposed, and upon the size of the 
mass. With increasing refinement in the design of structures, the 
necessity for fuller information regarding the nature and limits of 
flow in concrete becomes obvious. 

The purpose of this paper is to present the results of flow tests 
which have now extended over a period of seven years, to discuss 
fundamental causes of flow, and to point out conditions under which 
flow is important in design. While the investigation is principally 
concerned with axial flow under uni-directional sustained compressive 
stress, some tests on flow under triaxial loading conditions are reported. 


Phenomenon of Flow: 


A study of available data indicates that the flow of concrete 
under continued stress is due to no single cause, but to a combination 
of causes. It is probably impossible to tell definitely how much of 
an observed deformation is due to each of the influencing factors, 
but it is apparent that their relative importance will vary with the 
conditions to which the concrete is subjected. 

In general, there appear to be three ways in which continuous 
yielding may take place. First, there may be a movement of particles 
one over the other, as in the flow of oil, asphalt, glue, or wet clay; 
this may be called viscous flow. Second, in a mass composed of crys- 
tals, slip may occur along planes within the crystal. This type of 
yielding, which in metals is called “creep,” will be termed crystalline 
flow. The third way in which yielding may occur is by an actualloss 
of liquid from a mass composed of a liquid and a finely divided solid; 
this action will be called seepage, the term used to describe the phe- | ‘e 
nomenon in colloidal systems. 

That the yielding of concrete may involve all three kinds of flow 
is apparent from a consideration of the elements that make up a con- oe a 
crete mass. The major portion of the mass is composed of relatively = 
chemically inert aggregate, usually a crystalline material. Surround- . 
ing each piece of aggregate is the chemically active cement-water 
paste, which in the hardened state binds the mass together. The 
cement, during hydration, is generally considered to form a gel, 
although in time this gel may be partly transformed into a crystalline 
state. Water may exist within the mass in three forms: (a) as 
chemically combined water, (b) as water which has been adsorbed by 
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the cement colloids, called here colloidal water, and (c) as “free” 
water within the pore spaces or voids. 

The function of the water in relation to time-yield and other 
volume changes which take place within the mass has been well 
explained by Lynam.' He gives evidences that the free water plays 
no direct part in volume changes. He also indicates that the process 
of hydration is probably accompanied by a continuous shrinkage 
resulting principally from gel formation and that the chemically com- 
bined water cannot be evaporated at ordinary temperatures. Of 
particular importance, however, is the demonstration that, except for 
the effect of hydration, the gain or loss of colloidal water from the gel 
is the fundamental cause of volume changes due either to variations 
in the moisture of the surrounding air or to pressure applied over a 
period of time. 

Although the following explanation is admittedly approximate, 
it is helpful to visualize the interchange of moisture between the gel 
and the atmosphere surrounding a mass of concrete, on the basis of 
a few simple physical principles. The flow of water to or from the 
gel takes place through minute capillary channels which permeate 
the mass. The flow along the capillaries, both in direction and 
amount, is a function of the pressure gradient along these channels. 
If a moist concrete is placed in dry air, water is evaporated from the 
outer ends of the capillary channels, thus producing capillary tension 
within the channels. This tension acts to draw water from the 
sponge-like clots of gel. The rate of evaporation is, of course, a 
function of the vapor pressure in the air, so that the drier the air, 
the more rapid the loss of water from the gel. The gel may be 
thought of as hygroscopic in nature; the less moisture it contains, 
the greater its attraction for water and the flatter the moisture 
gradient along the channels, with a resultant slower rate of moisture 
loss. The gel nearer the surface of the mass will, of course, dry out 
more rapidly than that farther from the surface, because of the lesser 
total frictional resistance to flow along the shorter channels. If the 
mass is placed either in an atmosphere of 100 per cent relative humidity 
or under water, there is full vapor pressure on the outside, preventing 
evaporation, and under this condition the direction of flow is usually 
inward since the gel will usually take up water. It should be under- 
stood that there is always a tendency to establish equilibrium between 
the outside and inside (vapor) pressures and that in time this may be 
accomplished. 


tC. G. Lynam, “Growth and Movement in Portland Cement Concrete,’’ Oxford University 
Press, London (1934). i 
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Rig 
Accompanying changes in moisture content are changes 
volume. As moisture is lost, the gel shrinks, which process may be _ : 
thought of as the collapse of minute pore spaces within the gel; ai sas 
as moisture is gained, the gel swells as these pore spaces become ea Bag 
filled with water. 
When an external load is applied to a mass of concrete, the gel is . 
placed under pressure, and moisture is expelled. The rate of ex- ead 
pulsion will again be a function of the vapor pressure on the outside _ 
of the mass and of the friction in the capillary channels. The greater _ pe 
the load, the steeper the pressure gradient and the more rapid the _ 
expulsion of water. This flow of water from the gel due to applied | 
pressure is that which has been defined as seepage. It is clear that 
by this hypothesis shrinkage due to loss of moisture and time-yield _ 
due to seepage are interrelated phenomena, although they may be —_— 


conveniently considered as separate and additive in their effect. et 


While it appears that the major portion of the time-yield ae 
concrete is caused by colloidal seepage, nevertheless there is eens a 
which would indicate that a portion of the total yielding may be due mae? fa 


to crystalline or to viscous flow. The flow of rock is observed = 3 “- 
nature and it is reasonable to assume that the same phenomena occurs, 
at least to some extent, in natural aggregates. Considerable dif- — 
ferences in time-yield of concrete made of different mineral aggre- 
gates seem to substantiate this view. Furthermore it is not impossible 
for viscous flow to take place in the gel. A finely divided wet clay, Be 
which is colloidal in nature, is observed to deform by viscous flow. aan 
Glue, a colloid, flows under pressure as does a viscous liquid. The _ 
magnitude of lateral flow accompanying the axial flow of concrete 
lends support to the belief that the yielding may be due, at leastin 
part, to viscous flow. 


Scope of the Tests: 


The investigations here described were conducted in the Engi- Fe 
neering Materials Laboratory of the University of California. The 
tests were designed to show tke effect upon axial flow of concrete | 
under sustained axial compressive stress of the following factors: 
(1) moisture conditions both as regards storage and as regards the 
concrete during the period of test, (2) temperature conditions of — 7 
storage, (3) age at time of loading, (4) magnitude of sustained stress pas “ a ty 
(5) character and grading of aggregate, (6) size of test specimen, and — a i. 
(7) reinforcement. In addition, tests were made to determine: 
(1) under conditions of sustained axial loading, the variations in 
flow between the surface and the center of a mass of concrete and 
the magnitude of the lateral flow with respect to axial flow, and (2) 
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under triaxial loading conditions, the axial flow when the lateral 
dimension was maintained constant. 

The specimens employed were cylinders varying in diameter from 
4 to 18 in. and in length from 8 to 48 in. The reinforced-concrete 
columns (described later) were 5 in. in diameter and 4 ft. long, having, 
respectively, 1.9 per cent and 5.0 per cent of longitudinal reinforcement. 

The first series of tests was begun in 1926, and the test program 
has been enlarged from time to time. The number of specimens 
included in the various series of tests here described is 264. For each 
group of specimens subjected to sustained loads, there has been main- 
tained a group of unstressed control specimens on which observations 
were made to determine dimensional changes (such as shrinkage or 
expansion) due to causes other than stress. 

The majority of the test specimens were stored under controlled 
conditions as regards temperature and humidity. In other cases, 
the effects of known variations in temperature and humidity have 
been observed. For air-stored specimens, temperatures varying from 
0 to 100 F. (—18 to 38 €.) and relative humidities. varying from 25 
to 100 per cent have been employed. Water-stored specimens have 
been maintained at temperatures of 70 and 92 F. (21 and 33 C.). 

The ages at time of loading varied from 7 days to 3 months. 
The sustained loads have been such as to produce concrete stresses 
as low as 300 lb. per sq. in. and as high as 1200 lb. per sq. in. 

The loads, in the majority of the tests, were maintained by steel 
helical car springs restrained by a rig consisting of rods and plates. 
The large test specimens were kept under load in a hydraulic testing 
machine equipped with an automatic load-maintaining apparatus. 
The triaxial-flow specimens were loaded by hydrostatic pressure 
acting through copper diaphragms. 

Surface measurements of length of specimens were made with 
strain gages of the fulcrum-plate type, of gage lengths 6, 10 or 20 in., 
depending upon the size of specimen. Measurements of internal 
deformations were made with electric strain meters of the resistance- 
wire type. In the reinforced-concrete column tests, strain-gage 
measurements were made along gage lines in both the ee steel 
and the concrete. _ 

The tests here described have been made possible thregh funds 
and equipment made available by the University of California and 
through funds contributed by Engineering Foundation and by the 
American Society of Civil Engineers through its Committee on Con- 
crete and Reinforced Concrete Arches, ss 
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Since the time the tests were begun, more than a score of men 
have, at one time or another, contributed their services, and thanks | 
are due to them for the painstaking work accomplished. In particular 
it is desired to acknowledge the assistance of G. E. Troxell, Associate — 
Professor of Civil Engineering, J. L. Banville, Assistant in the Engi- 
neering Materials Laboratory, and J. Baines, R. Horonjeff, M. 
Markoff, J. Rinne, R. Tucker, R. Gauthier, and F. Von der Lage, 
students in the College of Engineering. 

TESTS ON PLAIN CONCRETE 
Effect of Moisture Conditions of Storage: 


To determine the effect upon flow and shrinkage of various 
moisture conditions to which a concrete may be exposed, a series of ee 
tests was undertaken in which like concrete specimens were stored: 
(a) in air at 50 per cent relative humidity, (5) in air at 70 per cent | 
relative humidity, (c) in air at 100 per cent relative humidity (fog), 
and (d) under water, all at 70 F. (21 C.). 

The results.obtained from this series of tests are shown in Fig. 1. 
Here are plotted, with respect to time, the flow and shrinkage for the | 
concretes under each of the four storage conditions. The upper group 
of diagrams represents net flow which is calculated to have taken place a3 
by subtracting algebraically from the total observed movement (of 
specimens subjected to the applied load) the observed free change i in eae 
length of the control specimens, which shrinkage or expansion is oe 
given in the lower group of diagrams. 

It will be noted in the figure that the flow of concrete stored in nett 


air at 70 per cent relative humidity is roughly twice that of the con- i aa ; 
crete stored at 100 per cent relative humidity while the flow under _ a ‘a 
the condition of 50 per cent relative humidity is 2} to 3 times that for & 
the moist condition. The flow of the concrete stored in fog and that ce 
of the concrete stored under water are practically the same. 
the storage at 50 per cent relative humidity the flow over a period of — ee a 
53 years amounts to 900 millionths in. per inch which is equivalent 
to about 1.1 in. per 100 ft., while the total change i in length (flow and Be sat 
shrinkage combined) is equivalent to about 2.3 in. per 100 ft. For a 
the given conditions of test, the shrinkage of the concretes stored in 
air is approximately of the same magnitude as the flow of similarly  __ he 
exposed concretes. % 
Due to differential shrinkage between the outside and inside a 

the mass, the control specimens stored at 50 per cent relative humidity ey: 
developed surface cracks during the period between 400 and 580 ie 
after pressure was applied to the loaded specimens. This is indicated 
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by the dotted line marked A in the figure. Since cracking did not sq. 
occur in the loaded specimens, when the shrinkage correction was tin 
applied to the total observed movement, the calculated flow was hy 
greater than it normally would have been. The dotted line B prob- up 


ably more nearly represents the flow after the cracking of the control 
specimen. 
The effect of the condition of storage with regard to moisture was 
also determined in a series of tests in which some of the specimens ; 
were stored under water and some in air at 70 per cent relative humid- 
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= Fic. 1.—Effect of Moisture Condition of Storage upon Flow and Shrinkage. 


Flow tests, series No. 3. Specimens, 4 by 14-in. cylinders. Aggregate, gravel. Fineness mod- 
ulus = 5.61. Cement, normal portland. Aggregate-cement ratio = 5.67 by weight. Water-cement 
ratio = 0.89 by volume. Curing, 28 days moist at 70 F. (21 C.). Age at loading, 28 days. Sustained 
stress 800 lb. per sq. in. Storage after loading at 70 F. (21 C.), humidity as indicated. 


ity. In this series, various ages at time of loading and various unit 
stresses were employed. The time-flow and time-shrinkage relations 
for selected conditions of test are shown in Fig. 2, study of which leads 
to the following observations. While the flow of the concrete stored 
in air is always considerably greater than the flow of the correspond- 
ing concrete stored under water, the ratios between flows of similar 
concretes subjected to the two storage conditions is altered by the 
age at which the sustained load is first applied. For example, for 
concrete loaded at the age of 28 days to 900 lb. per sq. in. the flow 
for the dry storage condition is twice that for the water storage 
condition, while - the concrete loaded at 3 months to 1200 lb. per 
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sq. in. the flow for the dry storage condition is generally nearly Hig J es 
times that for water storage. It is apparent that the extent to which | ‘ 
hydration has proceeded before load is applied has a marked effect 
upon the flow. 
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Fic. 2.—Effect of Moisture Condition of Storage upon Flow and Shrinkage. 


Flow tests, series No. 2. Specimens, 4 by 14-in. cylinders. Aggregate, crushed granite. Fine- 
ness modulus = 5.03. Cement, normal portland. Aggregate-cement ratio = 5.05 by weight. Water- 
cement ratio = 1.03 by volume. Curing, moist at 70 F. (21 C.) until time of loading. Age at load- 
ing, as indicated. Sustained stress, as indicated. Storage after loading, in air at 70 F. (21 C.), 70 
per cent relative humidity, or water at 70 F. (21 C.), as indicated. 


For the concrete stored in air there appears to be a marked 
decrease in the rate of flow at the later ages, while this does not appear 
to be so marked for the concrete stored under water. Perhaps the 
most striking feature indicated by these data is the fact that, after 
7 years of sustained stress, for certain conditions some flow is still 
taking 
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( 
The flow of the concrete loaded at the age of 3 months to a T 
stress of 1200 lb. per sq. in. amounts after a period of 7 years to a b 
deformation equivalent to about 1} in. per 100 ft., and the flow and te 
shrinkage combined result in a change in length equivalent to more W 
than 2 in. per 100 ft. during this period of time. It should be ob- t] 
served, however, that in moist-stored concrete, the free expansion is 
in a direction opposite to the direction of flow, so that the total de- Pp 
formation is less than the flow alone. s 
In each of the tests described above, the concretes stored under fl 
each moisture condition were as nearly as possible the same as regards I 
£ : f 
f 
Total Change in Length Under Lood 
| Flow Under load 
£ 0 t 
| | 
1 
Wet storage (Care 
300 
0 100 200 300 400 500 600 


Time Since Application of Stress to Loaded 
Specimen, days 


Fic. 3.—Effect of Moisture Content of Concrete upon Time-Deformations. 


Flow tests, series No. 14. Specimens, 6 by 12-in. cylinders. Aggregate, gravel. Fineness mod- 
ulus = 5.69. Cement, normal portland. Aggregate-cement ratio = 6.95 by weight. Water-cement 
ratio = 0.92 by volume. Curing, moist at 70 F. (21 C.), for 3 months. Age at loading, 3 months. 
Sustained stress, 800 Ib. per sq. in. Preparation for fest, dry specimen oven-dried to constant weight 
for 5 days before test, then covered with 3 coats of lacquer. Storage after loading, oven-dried speci- 
mens, in air at 70 F. (21 C.), 50 per cent relative humidity; wet specimens, water at 70 F. (21 C.). 


composition, size of mass, curing, and sustained stress. These data 
appear to substantiate the view, discussed in the introduction, that 
the seepage of water from the concrete mass results in a continued 
yielding of the mass. The magnitudes of flow obtained indicate that 
the seepage is a large contributing factor to time-yield. . 
Effect of Moisture Content of the Concrete: 
To determine whether or not flow would take place in a perfectly 
dry concrete, a series of tests was undertaken in which one group of 
specimens was oven-dried to constant weight before load was applied, 
while d under water. 
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The concrete was moist-cured for three months before the tests were 
begun, in order to permit the hydration of the cement to take place 
to a considerable degree. The oven-dried specimens were covered 
with three coats of lacquer to reduce the absorption of moisture from 
the air by the concrete during the period of test. 

The results of these tests are shown in Fig. 3 in which there is 
plotted with respect to time, for both the oven-dried and the water- 
stored specimens, the total changes in length as well as the calculated 
flows. The behavior of the oven-dried group is of particular interest. 
Regardless of the fact that the concrete is stored in air at 50 per cent 
relative humidity and that a lacquer coating is used, an appreciable 
amount of water is absorbed, resulting in an expansion during the 
first year of about 250 millionths. The attraction of the dried gel 
for water must have been very great, for in spite of the sustained 
stress of 800 lb. per sq. in. the total change in length (expansion) of 
the concrete under load over the same period is about 240 millionths. 
These facts are significant in that they give insight into the relation 
of moisture and pressure to volume change. Evidently the applied 
stress, instead of expelling water of which there was none in excess, 
restrained the gel from taking up as much water as could be taken up 
under conditions of no stress. The calculated flow, although very 
small, represents not an actual decrease in length but a measure of 
he restraint to the increase in length. The relative amounts of the 

ow and shrinkage should also serve to indicate something of the 
agnitude of the forces that must exist to bring the gel into a con- 
lition of equilibrium as regards moisture content. 

The behavior of the water-stored specimens illustrates the same 
relation, but to a different degree. The water-stored concrete under 
no load expands, but under stress not only is expansion prevented 
but also a decrease in length occurs with time. The stress evidently 
has been great enough to expel some water from the gel, even though 
the gel was capable of taking up water under conditions of no re- 
straint. It is also of interest that the water-stored control specimens 
evidently will have reached equilibrium saturation while the cor- 
résponding oven-dried group is still taking up water. Bat, cid: dash. 


Effect of Temperature of Storage: 

To study the effect of temperature of storage upon flow, a series 
of tests was undertaken in which groups of specimens were stored in 
air at 0, 70, and 100 F. (—18, 21, and 38 C.), and under water at 70 
and 92 F. (21 and 33 C.). The relative humidity in the 70 F. (21 C.) 
acai room was 50 per cent and that for the 100 F. (38 C. — 


| 
\ 
pe. 

} 

i 

i ' 

‘| 

| 

ite 
493 


- 


364 Davis, Davis AND HAMILTON 


room was 25 per cent. The specimens were brought to constant 
temperature at each of the various storage conditions before the 
loading tests were begun. 

The results of the tests, given in Fig. 4, indicate the flow and 
shrinkage obtained over a period of time for concrete at each of the 
given temperatures. It is important to note that for the condition 
of water storage, the flow of the concrete stored at 92 F. (33 C.) is 
but a very small amount greater than the flow of the concrete stored 
at 70 F. (21 C.). This would indicate that if the moisture conditions 
are the same, the effect upon flow of temperature variation within the 
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Fic. 4.—Effect of Temperature Condition of Storage upon Flow and Shrinkage. 


Flow tests, series No. 16. Specimens, 4 by 10-in. cylinders. Aggregate, gravel. Fineness mod- 
ulus = 4.83. Cement, normal portland. Aggregate-cement ratio = 6.65 by weight. Water-cement 
ratio = 1.13 by volume. Curing, 27 days moist at 70 F. (21 C.). Age at loading, 28 days. Sustained 
stress, 800 Ib. per sq. in. Storage after loading, as indicated. 


range studied is at least slight and is perhaps negligible. The flow 
of the concrete stored in air at 0 F. (—18 C.) is of the same order of 
magnitude as that for the water-storage condition at the higher 
temperatures. It is not unlikely that the low rate of flow is due, at 
least in part, to a very low rate of evaporation of moisture at the 
freezing temperature. 

While for the concrete stored in air the greatest flow is obtained 
for the highest temperature condition, this is undoubtedly due to 
the lower humidity of the air at the higher temperatures. The 
similarity between the rates of shrinkage and flow under each of the 
dry temperature conditions appears to confirm this. It is also note- 
worthy that the magnitude of flow for the 70 F . (21 C.) storage is 
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approaching that for the 100 F. (38 C.) storage, a condition which 
may be partly attributable to the relative rates of hydration of the 
cement over the period of test, as well as to the relative rates of 
evaporation of moisture. 

This series of tests serves further to substantiate the view that 
seepage is the major cause of volume changes due to stress. ts 


Effect of Grading and Character of Aggregate: 


To study the influence of the aggregate upon flow and shrinkage, 
two series of tests were made for which the variables were (a) the 
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Fic. 5.—Effect of Gradation of Coarse Aggregate upon Flow and Expansion. 


Flow tests, series No. 13. Specimens, 6 by 12-in. cylinders. Aggregate, gravel. Fineness mod- 
ulus as indicated; the finer mix was obtained by substituting for the } to 14-in. aggregate, used in 
the coarser mix, an equal solid volume of } to 3-in. aggregate. Cement, normal portland. Aggregate- 
cement ratio = 6.95 by weight. Water-cement ratio = 0.92 by volume. Curing, 28 days moist at 
70 F. (21 C.). Age at loading, 28 days. Sustained stress, 800 lb. per sq. in. Storage after loading, 
fog (100 per cent relative humidity), 70 F. (21 C.). 


L 


rading of the coarse aggregate and (b) the mineral character of the 
ggregate. 

In the tests to determine the effect of grading, two similar groups 

f specimens were prepared, alike in aggregate-cement ratio and 

water-cement ratio, but differing in the maximum size of coarse 

aggregate. A difference in consistency of the fresh concrete, of course, 

was obtained. For one group of specimens the maximum size of 

aggregate was 1} in. and for the other the maximum size was } in. 

In Fig. 5 are plotted, with respect to time, the flow and shrinkage 

in each - the two concretes. It was found that the flow of the con- 
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crete having the finer gradation of aggregate was roughly between 
one-half and three-fourths of the flow of the concrete having the 
coarser ,radation of aggregate. It is possible that this difference in 
flow is due, in part, to the difference in the total surface areas of the 
aggregate particles in the two concretes. The concrete having the 
finer gradation of aggregate has a thinner film of cement gel around 
each aggregate particle, and offers a greater frictional resistance to 
the relative movements of particles within the mass. The free ex- 
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Fic. 6.—Effect of Mineral Character of Aggregate upon Flow and Shrinkage. 


Flow tests, series No.4. Specimens, 4 by 14-in. cylinders. Aggregate, as indicated. Fineness 
modulus = 5.75 except gravel which had fineness modulus = 5.61. Cement, normal portland. Aggre- 
gate-cement ratio = 5.67 by weight. Water-cement ratio = 0.89 by volume. Curing, 28 days 
moist at 70 F. (21 C.). Age at loading, 28 days. Sustained stress, 800 lb. per sq. in. Storage after 
loading, air at 70 F. (21 C.), 50 per cent relative humidity. 


pansion, under moist storage conditions, of the concrete of finer 
gradation was on the average one-half to two-thirds of the expansion 
of the concrete of the coarser gradation. Thus the data indicate 
considerable relative differences in volume changes as the result of 
a change in grading of aggregate, which aggregate is of the same general 
character throughout its range of size, although for the given con- 
ditions of test the absolute difference between total movements of 
the two concretes is not large. 

To determine the effect upon flow and shrinkage of the mineral 
character of the aggregate, a series of tests was made in which each of 
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six groups of specimens contained a different aggregate. The aggre- 5 ce: 
gates included a local gravel, sandstone, basalt, granite, quartz, and _ “<3 or ; 
limestone. Within each group, the same mineral aggregate was used __ :'- 
from fine to coarse; the grading was the same for all groups. : > 


The results of the tests are shown in Fig. 6, in which are plotted, = a 
with respect to time, the flow and the shrinkage of the concretes cet 
containing each of the different aggregates. It will be noted that 
after a period of about 5 years the maximum flow (1300 millionths) — | 
is exhibited by the sandstone concrete and the minimum (550 mil- aati ¢ 


lionths) by the limestone. The quartz and granite whose mineral 


compositions are somewhat similar exhibit approximately the same —it*” 


deformation under load. The range in flow is more than 100 per > 
cent of the magnitude of flow of the limestone concrete. 
While in general the concrete which exhibits a large flow bg wp 
shows a high shrinkage, if the individual aggregates are considered _ Sy ae 
it is seen that the magnitude of shrinkage is not a criterion of the =| 
magnitude of flow. It is of interest to note that the shrinkage of the ii 
quartz concrete is roughly one-half of that of the granite concrete. 
The gravel concrete gave the highest measured shrinkage until sur- 
face cracks developed at the age of about 400 days, as discussed in ~— 
connection with Fig. 1. The flow of the gravel concrete, however, is 


between the extreme ranges in flow observed for the other concretes. To 
It seems reasonable to believe that the differences in flow are ie er na 
to causes other than seepage. The fact that the aggregates were 


Us 


batched in a saturated, surface-dry condition, and the fact that for _ s 


most of the aggregates used the absorption factors were low, seems _ i aa 
to preclude the possibility of marked variations in the results due to : 
differences in moisture conditions of the aggregates themselves. As 
yielding takes place within a mass of concrete, there must occur 
relatively high concentrations of stress on some of the aggregate 
particles, such that slip or crystalline flow may take place. Dif- 
ferences in stress distribution among the particles due to differences 
in modulus of elasticity of the various kinds of aggregate, as well as 
differences in crystalline behavior between the various 
structures, may account for the differences in flow. 

Effect of Size of Mass: ye 
To determine the effect upon flow of size of mass, a series of tests 

was undertaken for which the specimens were cylinders 6, 8 and 
10 in. in diameter, all subjected to the same intensity of stress. To 
eliminate the effect of varying internal moisture conditions, all the 


specimens were stored in fog at 100 per cent relative humidit 
Seth 
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The results of the tests are shown in Fig. 7. It is seen that the 
larger the specimen the smaller the flow obtained in a given period of 
time. The flow of the 10-in. specimens at the end of 500 days is 
about one-half that of the 6-in. specimens, while the flow of the 8-in. 
specimens is intermediate between that of the larger and smaller 
specimens. The differences in flow between the various sizes of con- 
crete masses are undoubtedly due largely to differences in the rate of 
seepage. In the larger masses, the total length of channel through 
which water must pass when expelled by pressure is greater, with a 
resulting greater total frictional resistance to the flow of the water. 
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Fic. 7.—Effect of Size of Specimens upon Flow. 


Flow tests, series No. 13. Specimens, diameter indicated, height = 2 diameters. Aggregate, 
gravel. Fineness modulus = 5.69. Cement, normal portland. Aggregate-cement ratio = 6.95 by 
weight. Water-cement ratio = 0.92 by volume. Curing, 28 days moist at 70 F. (21 C.). Age at 
loading, 28 days. Sustained stress, 800 lb. per sq. in. Storage after loading, fog (100 per cent relative 
humidity), 70 F. (21 C.). 


Another contributing factor may be that water expelled from gel in 
the interior of the mass must pass through the gel nearer the outer 
portions of the mass. The larger the concrete mass, the greater the 
supply of water that can be drawn from the interior, with the result 
that the gel in the outer parts of the mass is less readily consolidated. 


Variations in Flow Within a Mass—Lateral Flow: 

Since there must normally exist considerable variations in mois- 
ture content within a mass of concrete exposed to dry air, it is reason- 
able to suppose that the rate and magnitude of flow and shrinkage 
would not be uniform throughout the mass. ‘Tests to study these 
variations were made on a pair of 18 by 36-in. cylinders, stored in the 
air of the laboratory. Measurements of deformation were made along 
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surface gage lines and along the axis of each specimen. Measure- 
ments of internal deformation were also made along two mutually 
perpendicular diameters near the mid-section of the specimens; 
these measurements afforded an indication of the extent of lateral 
flow under load. Since these tests were by no means exhaustive and 
since they extended over a period of but 25 days, the results are to be 
regarded only as indicative of probable trends. 

In Fig. 8 are plotted the flow of the loaded specimen and the free 
change i in length of the control specimen. The longitudinal flow at 
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Fic. 8.—Axial and Lateral Flow in 18 by 36-in. Cylinders. 


Flow tests, series No. 15. Specimens, 18 by 36-in. cylinders. Aggregate, gravel. Fineness 
modulus = 5.69. Cement, normal portland. Aggregate-cement ratio = 6.95 by weight. Water- 
cement ratio = 0.92 by volume. Curing, 2 months moist at 70 F. (21 C.). Age at loading, 2 months. 
Sustained stress, 1200 Ib. per sq. in. Storage after loading, air of laboratory. 


the surface of the loaded specimen is considerably greater than the 
flow at the center. This may be attributed to the difference in the 
ease with which the moisture is lost from the parts of the mass. This 
is also indicated by the behavior of the control specimen in which the 
surface tended to shrink while the central portion remained practically 
stationary. Of importance is the observed laterai flow, which is 
approximately one-fifth of the (internal) longitudinal flow. This 
fact would seem to indicate that viscous or crystalline flow, as well as 
yielding due to seepage, is taking place. These findings with respect ; 
to lateral flow are contrary to the tentative findings a a mcataeeed 
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reported' series of tests in which no appreciable lateral flow was 
observed over a short period of time. It is believed that the test 
results here reported more nearly represent the true condition due to 
(1) the use of measuring instruments of greater precision, (2) the use 
of a higher sustained stress, and (3) the fact that the measurements 
were made within the mass, with a consequent reduction of the effect 
of shrinkage. 
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e Fic. 9.—Effect of Age at Time of Loading upon Flow. “Mt 
Flow tests, series No. 2. Specimens, 4 by 14-in. cylinders. Aggregate, granite. Fineness mod- 
ulus = 5.03. Cement, normal portland. Aggregate-cement ratio = 5.05 by weight. Water-cement 
ratio = 1.03 by volume. Curing, moist at 70 F. (21 C.) until time of loading. Age at loading, as 


Pa . indicated. Sustained stress, as indicated. Storage after loading, air at 70 F. (21 C.), 70 per cent 
: relative humidity or water at 70 F. (21 C.), as indicated. 
Effect of Age at Time of Loading: dita: 


The effect of age at time of loading was determined by a series 
of tests in which specimens of the same concrete mixes were loaded to 
various intensities of stress at ages of 7 days, 28 days, and 3 months. 
The results of the tests are shown in Fig. 9. In the lower group of 
diagrams is shown the flow obtained over a period of 2400 days for 


1R. E. Davis and H. E. Davis, “‘ Flow of Concrete Under the Action of Sustained Loads,” Pro- 
ceedings, Am. Concrete Inst., Vol. 27, p. 871 (1931). | 
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concretes stored under water and stressed to 600 lb. per sq. in. It 

will be noted that the flow of the concrete loaded at the age of 28 days 

is roughly twice that of the concrete loaded at 3 months, while the 

flow of the concrete loaded at 7 days is approximately three times that 

of the concrete loaded at 3 months. It should also be noted that 

the rate of flow during the first few weeks under load is much greater 

for the concretes loaded at the earlier ages than for the concretes 

loaded at the later ages. The same general observations apply to 

the middle group of diagrams, which represent the flows for concretes 

stored under water but stressed to 300 and 900 lb. per sq. in. 

TaBLeE I.—EFFecT UPON FLOW oF INTENSITY OF SUSTAINED STREssS. 


Curing, moist at 70 F. (21 C.) to time of loading Age at time of loading, as 
Storage after time of loading, at 70 F. (21 C.) as ‘indicated. 


" Flow Under Load, millionths 
Stress, 
28 { 6} 350 700 
7 | io | oo | 
{| | | 30 | 650 
90 { 6} 200 300 


In the upper group of diagrams is shown the flow obtained for 
concretes in dry storage. Under this condition the effect of age at 
time of loading is not nearly so marked as for the water-storage con- 
dition. Here, for either the 600 or 900 lb. per sq. in. stress, the flow 
of the concretes loaded at 28 days is only of the order of 10 to 20 per 
cent greater than the flow of the concretes loaded at 3 months. 

A study of the figure as a whole indicates that for a given in- 
tensity of sustained stress and a given storage condition, the rate 
of flow after a year or so under load is practically independent of the 
age at time of loading. Further, the difference between the flows of 
concretes loaded at the various ages is more marked for the higher 
sustained stresses than for the lower stresses. A 

These tests indicate the effect upon flow of the extent to which ee 
hydration of the cement and hardening of the gel has taken place. 
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Effect of Intensity of Sustained Stress: 


The effect upon flow of intensity of sustained stress was also 
obtained in the test series described in the previous section. Within 
the various groups of specimens, stresses of 300, 600, 900, and 1200 lb. 
per sq. in. were employed. In Table I are tabulated for the various 
test conditions the flows resulting from the given stresses over periods 
of 1 year and 6} years. 

The concretes loaded at ages of 28 and 90 days exhibit at the ends 
of the given periods of sustained stress, flows which may be said to be 
roughly proportional to the applied stresses. However, there are 
deviations from this relation. The flow appears to be relatively 


5 200 T 
Time Since Application of Stress to Loaded 


Fic. 10.—Axial Flow Under Constant Axial Load and Constant Lateral Dimensions. 


Flow tests, series No. 12. Specimens, 12 by 48-in. cylinders. Aggregate, gravel. Fineness 
modulus = 5.69. Cement, normal portland. Aggregate-cement ratio = 6.95 by weight. Water- 
cement ratio = 0.93 by volume. Curing, in sealed copper containers at 70 F. (21 C.). Age at load- 
ing, as indicated. Sustained axial stress, 1090 lb. per sq. in. Lateral (radial) pressures to maintain 
constant lateral dimensions: Specimen No. 1—210 to 155 lb. per sq. in. Specimen No. 2—278 to 
183 lb. per sq. in. Storage after loading, in sealed copper containers at 70 F. (21 C.). 


greater in proportion to intensity of stress at the higher sustained 
stresses than at the lower stress. This is particularly evident in the 
wet-stored concrete, and applies also to the concretes loaded at the 
age of 7 days. 

While a straight-line stress-flow relationship would be convenient 
in estimating the probable magnitude of stress or deformation in a 
concrete structure, it is believed that the use of such a relation should 
be considered with caution. 


Flow Under Triaxial Loading: 


A brief study of flow under triaxial loading was made in which 
there was investigated the effect of maintaining constant axial load 


and constant lateral dimension over a period of time. The loads 
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were applied by means of hydraulic pressure acting through thin 
copper diaphragms. The laiera! pressures were applied radially 
against the circumferential surface of the cylinders. The strains 
were measured by strain meters embedded in the concrete. The 
specimens were kept in sealed containers to prevent loss of moisture; 
under such conditions, the shrinkage may be taken as practically 
negligible. 


600 1b. per sg.in. (654) 
T 


} 
300 Ib. per sq. in. (191) 
j 
Load Appurp at pays 
Loap RELEASED arter 2440 pays 


in. (650) 

900 pet - 
600 Ib. per sq. in. (39/) 


T ve 
boo Ib. in (155) 
Load Appuiep at 28 pays 
Loan RELEASED AFTER 2447 DAYS 
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7200 per sq.in.(536) 
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Time Since Removal of Load, days 
11.—Plastic Recovery After 63 Years of Sustained Load. ie 


Flow tests, series No. 2. Specimens, 4 by 14-in. cylinders. Aggregate, granite. Fineness mod- 
ulus = 5.03. Cement, normal portland. Aggregate-cement ratio = 5.05 by weight. Water-cement 
ratio = 1.03 by volume. Curing, moist at 70 F. (21 C.) until time of loading. Age at loading, as 
indicated. Age at release of load, as indicated. Previously sustained stress, indicated on each curve. 
Plastic flow in millionths before release of load, indicated on each curve in parenthesis. Storage 
before and after release of load, water at 70 F. (21 C.). 


The deformations, with respect to time, under load are shown in 
Fig. 10, in which it is seen that the concrete loaded at the age of 28 
ays flows about twice as much as the concrete loaded at 57 days. 
It should be noted that for the condition of lateral restraint, the de- 
formations with respect to time represent, to some scale, a decrease 
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It was found that the lateral pressures required to maintain 
constant lateral dimension decreased rapidly in the first day or two 
after loading, and more slowly at the later ages. The radial pressures 
for the specimen loaded at 28 days varied over the period of test from 
278 to 183 lb. per sq. in., and those for the specimen loaded at 57 days 
varied from 210 to 155 lb. per sq. in. 

Perhaps the most significant result of these tests is that the 
axial flow occurring when the lateral dimension is maintained constant 
is of the same order of magnitude as the flow observed in similar 
concretes under no lateral restraint. 
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Time Since Removal of Load, days 


Fic. 12.—Plastic Recovery After 11 Months Under Load. 


ve ll Flow tests, series No. 7. Specimens, 6 by 12-in. cylinders. Aggregate, gravel. Fineness mod- 
ulus = 5.70. Cement, normal portland. Aggregate-cement ratio = 4.00 by weight. Water-cement 
ratio = 0.63 by volume. Curing, 28 days moist at 70 F. (21 C.). Age at loading, 28 days. Age at 
release of load, | year. Previously sustained stress, 800 lb. per sq. in. Plastic flow in millionths before 
release of load, indicated on each curve in parenthesis. Storage before and after release of load, in 
air at 70 PF. (21 C.), 50 per cent relative humidity, or in water at 70 F. (21 C.) as indicated. 


Plastic Recovery: 

Some studies have been made relative to the change in length 
of concrete, over a period of time, after the release of sustained load. 
Because of its similarity to flow or time-yield, the phenomenon is 
called plastic recovery, although the term “‘elastic after-effect,” used 
by some investigators, may also be appropriate. 

In Fig. 11 is shown the effect of magnitude of previously sustained 
stress upon the plastic recovery of specimens loaded at various ages 
and stored under water. These specimens have been under load for 
more than 6} years, yet an appreciable recovery is observed. Some 
recovery is still taking place 9 days after the loads are released. It 
will be noted that for any given age at loading the higher the previ- 
ously sustained stress or the higher the magnitude of flow before 
release of load (shown in parenthesis on the curves), the greater the 
recovery. 

The results of observations to determine the plastic recovery of 
two groups of specimens after 11 months under stress of 800 lb. per 
sq. in. are shown in Fig. 12. The specimens which were att stored 
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exhibit about twice the recovery of the specimens stored under water. 
The rate of recovery is still appreciable five days after the load is 
released. 

Observations to determine plastic recovery were also made in a 
series of tests on wet-stored and dry-stored concretes to which stresses 
of 800 lb. per sq. in. and 40 Ib. per sq. in. had been applied alternately 
for one-day intervals over a period of 30 days. The average stress 
over the whole period was 420 lb. per sq. .in. and the residual de- 
formations resulting from flow were 245 and 125 millionths for the 
wet- and dry-stored concretes, respectively. 

In Fig. 13 are plotted the amounts of recovery obtained over a 
period of 200 days. The dry-stored concrete exhibits a greater re- 


150 
§ £100 4 Air Storage (245) 
vs 
a Water Storage (125 d 
40 80 


120 10 8200 240 
Time Since Removal of Load, days 


Fic. 13.—Plastic Recovery After 1 Month Under Alternating Loads. 


Flow tests, series No. 6. Specimens, 4 by 14-in. cylinders. Aggregate, gravel. Fineness mod- 
ulus = 4.86. Cement, normal portland. Aggregate-cement ratio = 5.68 by weight. Water-cement 
ratio = 0.85 by volume. Curing, 28 days moist at 70 F. (21 C.). Age at loading, 28 days. Age at 
total release of load, 58 days. Previously sustained load, 800 Ib. per sq. in. for 1 day, 40 lb. per sq. 
in. for 1 day, alternating for period of 30 days. Average stress 420 lb. per sq. in. Residual (plastic) 
deformation in millionths before total release of load, indicated on each curve in parenthesis. Storage 
before and after release of load, air at 70 F. (21 C.) and 50 per cent relative humidity or water at 70 F. 
(21 C.), as indicated. 


covery than the wet-stored concrete, the relative amounts of recovery 
eing approximately in the ratio of the flows previously obtained, or 
bout 2:1. The recovery is apparently complete within about two 
months after release of load. 

A reasonable explanation of this phenomenon of plastic recovery 
is as follows: the aggregate particles having been deformed elastically 
by application of load are restrained from full recovery of the original 
volume, upon release of load, by the film of cement gel which has 
hardened and which has been consolidated during the period of 
sustained stress. For some time after release of load the gel is in 
tension and a ‘‘reverse seepage’’' takes place. The fact that the 


1C, G. Lynam, “Growth and Movement in Portland Cement Concrete,” Oxford University 
Press, London (1934). 
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_ mens in each test group were stored under water at 
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relative magnitudes of recovery observed are approximately in the 
same order as the relative plastic flows under the previously sustained 
loads seems to substantiate this view. 


TESTS ON REINFORCED CONCRETE COLUMNS | ; 


To determine the variation in stress, due to plastic flow and 
shrinkage, in reinforced concrete columns, a series of tests was under- 
taken in which concretes of two different strengths and two steel 
ratios were employed. For one group of tests the ends of the rein- 
forcing bars were flush with the ends of the columns, so that a portion 
of the load was applied directly to the steel. For the other groups, 
the steel was recessed, extending only to within 2 in. of the ends of 
the columns, so that the load carried by the steel was transferred to 
it through bond with the concrete. The flow and shrinkage of plain 


TABLE II.—Concrete Mixes USED IN REINFORCED CONCRETE COLUMN TESTS. 
Aggregate, local sand and gravel, 0 to $ in. Cement, normal portland. Consistency, 6-in. slump. 


Secant Modulus of 
Compressive Strength at 28 Days, sa 
Ib. per aq. in. Aggregate-Cement | Water-Cement Rati, 
800 Ib. per sq. in.), by weight by volume 
Nominal By Test tan 
2 800 000 8.40 1.24 


concretes corresponding to those used in the reinforcing columns 
were determined from an auxiliary group of specimens. 

The reinforced columns were 5 in. in diameter and 48 in. long, 
reinforced longitudinally with square deformed bars and laterally 
with wire spiral hooping having an outside diameter of 5 in. The 
plain concrete specimens were 5 by 14-in. cylinders. With concrete 
designed for a strength of 2000 Ib. per sq. in., steel ratios of 1.9 and 
5.0 per cent were employed; with concrete designed for a strength of 
4000 lb. per sq. in., a steel ratio of 1.9 per cent was employed. In 
the columns having the longitudinal steel ratio of 1.9 per cent, the 
spiral steel ratio was 0.7 per cent; with the longitudinal steel ratio of 
5.0 per cent, a spiral steel ratio of 1.8 per cent was used. The char- 
acteristics of the concrete mixes are shown in Table II. The steel 
used for the longitudinal reinforcing was found to have a yield strength 
of 42,500 lb. per sq. in., a tensile strength of 62,400 lb. per sq. in., and 
a modulus of elasticity of 29,500,000 lb. per sq. in. 

After 21 days of moist-curing at 70 F. (21 C.), half of the speci- 
70 F. (21 C.) 
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and the other half were stored in air of 50 per cent relative humidity 
at 70 F. (21 C.). Load was applied at the age of 28 days. 
_ The column loads were determined in accordance with the oe 


Specifications for Concrete and Reinforced Concrete. Loads were | 
applied to the plain concrete cylinders such that the stresses would a Gra 
correspond to those at time of loading i in the columns having the 1.9 “is os 
per cent steel ratio. The stresses in the reinforced column due to 
application of load are given in Table ITI. 


> 


Stresses Developed in Reinforcing Steel Due to Sustained Load and 
Shrinkage: 


In Fig. 14 are shown the variations in stress in the reinforcing 
steel, over the period of test, for columns in which the ends of the 


TABLE III.—StTRESSES IN REINFORCED COLUMNS DUE TO APPLICATION OF LOAD. 


Loads fi which stresses were calculated were determined according to provisions of the 1924 Report of the 


2 Steel Stress, Concrete Stress, 
Steel Ib. per sq. in. Ib. per sq. in. 
it x Conerete Strength, Ib. per sq. in. Ratio, 
Air Water Air Water 
Storage | Storage | Storage | Storage 
1.9 6540 5460 612 606 
1.9 7860 7320 976 927 


steel bars were flush with the ends of the columns. Figure 14 (a) 
gives the stresses for columns stored in air and Fig. 14 (0) gives the 
stresses for columns stored under water. The stresses indicated have ~a 
been calculated from strain observations on the steel, which observa- ag 
tions were begun at the age of 2 days. . 

In each section of the figure, the lower group of diagrams repre- 
sents the stresses induced in the steel by concrete shrinkage or ex- 
pansion alone. The upper group of diagrams in each figure represents, 
for the columns under load, the total stresses resulting: (a) from 
shrinkage or expansion, (6) from instantaneous deformation due to 
applied load, and (c) from plastic flow due to continuous application ee 
of the load. 

Examination of the figures shows that for columns stored in air, Om 
the steel stress due to shrinkage in the 4000-lb. (richer) concrete is en 
more than twice that of the 2000-lb. (leaner) concrete; the stress 
after the age of 1000 days is about 15,000 lb. per sq. in. for the former 


i ee Ass. Soc. Testing Mats., Va. 24, Part I, p. 303 (1924). 
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as against 6000 lb. per sq. in. for the latter. Also, the use of 5.0 per 

cent instead of 1.9 per cent of longitudinal steel results in a reduction st 
of about 50 per cent in the stress due to shrinkage. For non-loaded th 


columns stored in water the stresses are practically negligible. 

In comparing the relative deformations and stresses of the columns 
under load, it should be remembered that, due to the method of 
selecting the allowable load, the initial stresses in the concrete are 
not the same. It will be noted that after a period of 1000 days, under 
the loads permitted by the specifications, the steel stress in columns 


48 000 7 
(a) 40004. Concrete, L9 pe con | 
3% 000 —— 
o.= 
24 000 200% Concrete, cent Under lead — 
3 400046. Con Concrete, / 9 per cent 
12000 200040. Ce Concrete, 1.9 per cent Steel 
= 20008 Concrete, 5.0 per cent Stee! 
(b) | 4000: Concrete, per cent Steel, 
| 2000-1. Concrete, 5.0 per cent Stee 
2000-1. Concrete, /.9 per cent Stee/-* 
._2000-4b.Concrete, 5.0 per cent Steel~ 
5 000-4b. Concrete, /.9 per cent Stee! 
3 2000-16. Concrete, | 9 per cent Stee! | 
| 
ne © —100 200 300 400 S00 600 700 800 900 1000 100 1200 | 
14.—Stresses Developed in Reinforcing Steel of Columns. 
(a) Stored in air. (b) Stored under water. s 


Note.—Stresses in columns under load are those due to all causes: shrinkage (in air) or expan- 

sion (under water), instantaneous application of load, and flow under load. Stresses in non-loaded 

columns are due to shrinkage or expansion of concrete. For initial stresses due to load, see Table III. 


having 2000-lb. concrete and 5.0 per cent steel is only 27,000 lb. per 
sq. in., while in the column having the 4000-lb. concrete and 1.9 per 
cent steel the steel stress is 40,000 Ib. per sq. in. Due to the smaller 
load, as well as to the lesser shrinkage, the steel stresses in the columns 
made of the 2000-lb. concrete are somewhat less than those in the 
corresponding columns made of the 4000-lb. concrete. 

In the columns stored in air the change in stress is practically 
zero after about one year, while in the columns stored under water 
equilibrium is reached in about two months. The steel stresses in 
the loaded columns stored under water are generally about one-third 
to one-half the stresses in the columns stored in air. ie a 
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It is noteworthy that over the period of observation the maximum 
steel stress developed (about 40,000 Ib. per sq. in.) is but little less 
than the yield strength of the reinforcing steel (42,500 lb. per sq. in.). 


Variations in Concrete Stresses Due to Applied Load and to Shrinkage 
or Expansion: 
The variation in average concrete stresses with respect to time, 
or the columns in which the steel was flush with the ends, are shown 
in Figs. 15 and 16. These stresses at given ages were calculatedfrom 
the difference between the total applied loads and the loads carried _ 
by the reinforcing steel. oe. 


Concrete, cent Steel 

2000-16. Concrete, 5.0 
2000. Concrete, 19 per cen? Stee 
400 Hi | 40001 Concrete, cont Ste! 
Air stored 
200 Water stored }—— 
2000-/b, Concrete, per cent Stee/ 
32 [ | 2000-6. Concrete, 5.0 per cent Steel 
| 

0 100 200 300 400 500 600 700 800 9300 1000 1100 1200 

Age , days 


Fic. 15.—Variations in Concrete Stresses in Reinforced Columns Uncer Load. 


Note.—The concrete stresses are calculated average stresses over the cross-section of the columns 
obtained from the difference between the total applied load and the total steel stress determined by 
strain observations. For initial stresses due to load, see Table III. 


The stresses in the concrete of the column under load are shown ye 
in Fig. 15. After the application of load the compressive stresses ae 
decrease at first rapidly and then more slowly, until a condition of 7 
equilibrium is reached. Due to the greater rate at which the air- es 
stored columns deform, the reduction of concrete stress is much more ie 
rapid than in the case of the water-stored columns. In the air-stored ‘ 
columns made of the 2000-Ib. concrete and having the 5.0 per cent m.. 
steel ratio, the steel is calculated to be carrying all the load after about ae 
7 months, while the reduction in concrete compressive stress in the + 
columns having 4000-lb. concrete and a 1.9 per cent steel ratio is, 
after a year under load, about 50 per cent. The reductions in con- 
crete stress in the water-stored columns over the period of observa- 
tion are of the order of 10 to 25 per cent. 
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In Fig. 16 are shown the concrete stresses calculated to exist in 
the columns under no load. Here, due to shrinkage, tensile stresses 
are developed in the air-stored columns of the order of 100 to 300 Ib. 
per sq. in. while, due to expansion, compressive stresses of less than 
50 lb. per sq. in. are developed in the water-stored columns. After 
one to two months in air, the concrete in the columns having the 
leaner mix reaches its tensile strength, and with the development of 
cracks, the stress is relieved to a considerable extent. The calculated 
average stress at which cracking occurs in these columns is about 200 
Ib. per sq. in. An average tensile stress of more than 300 lb. per sq. 
in. is developed in the columns having the stronger concrete before 
equilibrium is reached. If cracking occurred in these columns it is 
probably of little importance. 


400 
5 ——— Water stored 
= 400046. Concrete, 9 per cent Stee/ 
300 
pe 
200 2000+ Concrete, /.9 per cent Steel~~ 
20007. Concrete, 5. per cent Steel 
100 2000-I. Concrete, 5.0 per cent Steel, 
§ 2000-1b. Concrete, |.9per cent Steel. 
0 4000-6. Concrete,/.9 per cent \ 
S 100 


0 100 200 300 400 S00 600 700 800 900 1000 1100 1200 
Age, days 
Fic. 16.—Variations in Concrete Stresses in Non-Loaded Reinforced Columns. 


Note.—The concrete stresses are calculated average stresses over the cross-section of the columns. 
obtained from the total steel stress determined by strain observations. a 


Flow and Shrinkage in Reinforced-Concrete Columns: 

The magnitudes of flow and shrinkage over the period of test, 
for the reinforced columns having the steel flush with the ends and 
also for the plain concrete cylinders, are shown in Figs. 17 and 18. 
a The data are based upon the observed deformation in the concrete. 
Tt was found that for the columns with the steel flush with the ends 
= the deformations of the steel and the concrete were practically the 
same. 
“a Figure 17 shows the changes in length of the plain and the rein- 
__ forced-concrete specimens, due to plastic flow, over the period of obser- 
vation. In the case of concretes having comparable initial stresses 
due to application of load, the influence of reinforcement in reducing 
the flow is apparent. For example, for the dry-storage condition, the 
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2000-lb. concrete with no steel exhibits a flow about 30 per cent greater we 
than the flow of the corresponding concrete reinforced with 1.9 per a 
and the flow of the 4000-lb. concrete having no steel is ae 
about 50 per cent greater than the flow of the corresponding concrete 
Similar tendencies are exhibited by the : 


cent steel; 


having 1.9 per cent of steel. 
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= —Ars 
£1000 20000 
= 40001 Concrete, No Steel, Stress /0I0 Ib. per s9. 
| 2000 1b. Concrete, /.9 per cent Stee! 
800 
2 4000-/b Concrete ,/.9 per cent Stee! 
3 600 5.0 per cent Steel 
= 400040. Concrete, No Steel, Stress 935/b. per s9. in 
400F re Concrete, No Steel, Stress 558/b. per sq.in. 
i 400076 Concrete, cent = 
= 
“20001 Concrete, /.9 per cent Stee!| 
0 | | ‘2000-lb Concrete, 5.0 per cent Stee/ 
ns © 100 200 300 400 500 600 700 800 900 1000 1100 
Age , days 
Fic. 17.—Changes in Length of Concrete Columns Due to Plastic Flow. 


FIG. 


18.—-Changes in Length of Concrete Columns Due to Plastic Flow and Shrink- 


age Combined. 


water-stored concretes, although the magnitudes of flow are approxi- 
mately one-third of the magnitudes of flow in the air-stored concretes. 

In Fig. 18 are given the total changes in length over the period of 
Here it will be 
noted that for given amounts of reinforcing steel the deformations for 
the air-stored concretes of either quality are nearly the same. 
is due te the fact that although the concrete of richer mix eee 4 


observation, due to flow and 


shrinkage combined. 
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herein termed slip. 
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less flow, it shrinks more. These diagrams are of particular interest 
in indicating the magnitude of total deformation due to time effects. 
After a period of 1000 days in air, the plain concrete columns have 
shortened axially an amount equivalent to about 2.4 in. per 100 ft., 
the concrete columns reinforced with 1.9 per cent of steel have short- 
ened the equivalent of about 1.2 in. per 100 ft., and the columns 
reinforced with 5.0 per cent of steel have shortened the equivalent of 
about 0.7 in. per 100 ft. The columns stored under water exhibit defor- 
mations, over the same period, equivalent to less than 0.4 in. per 100 ft. 


Slip Between Concrete and Steel in Columns in Which the Reinforcing 
Is Short of the Ends of the Columns: 


As previously indicated, in the columns having the steel short of 
the ends the load was transferred to the steel entirely through bond 
with the concrete. The purpose of this group of tests was to determine 


"4200 
Air stored 
———— Woter stored 
800 + 2000-/b. Concrete, Stee/ ___ 
= | | | 
2000-1b. Concrete, per cent Stee! 
. 400 4000-/b Concrete, /.9 per cent Steel —+ 
2000-ib. Concrete, 5.0 per cent Stee! | 
7 4000-1. Concrete , /.9 per cent Stee! 
<= 0 100 200 300 400 S00 600 700 800 900 1000 1100 1200 


Time Since Loading, days 


Fic. 19.—Slip Between Concrete and Steel in Columns in Which the Reinforcing 
Steel Is Short of the Ends of the Columns. 


Note.—The slip at any age is the difference in the deformations in the steel and concrete. Values 
given represent the average slip per unit of length over 10-in. gage lengths near the ends of the columns. 


the stress distribution in reinforced-concrete columns in which there 
may occur slip or flow in bond. 

The results of the tests show that over the central portion of the 
length of the columns the deformations are the same in the steel and 
in the concrete, and these deformations are of the same magnitude as 
in the columns having the steel flush with the ends. However, obser- 
vations over 10-in. gage lengths near the ends of the loaded columns 
show appreciable differences in deformations of the steel and the con- 
crete. In every case the concrete, over a given period of time, deforms 
more than the embedded steel, indicating a slow yielding in bond. 
This differential movement of the concrete with respect to the steel 
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The increase, with respect to time, of the average slip per unit 
gage length is shown for the various types of columns in Fig. 19. 
While the slip per inch undoubtedly increases rapidly near the ends 
of the reinforcing bars, the average slip observed over the 10-in. 
length gives a fair indication of the magnitude of the relative move- 
ments of the steel and concrete. For example, the slip after 1000 days 
in the columns made of 2000-lb. concrete and having 5.0 per cent steel 
is about 750 millionths in. per inch, which is of approximately the same 
magnitude as the total deformation of the steel itself. 

As indicated in the figure, the air-stored columns made of 2000-Ib. 
concrete and having 5.0 per cent steel exhibit after 1000 days under 
load a slip about 50 per cent greater than the slip of corresponding 
columns with 1.9 per cent steel. With the same percentage of steel, the 
columns made of the 4000-lb. concrete show slip of about two-thirds 
of that for columns made of 2000-lb. concrete. ‘The slip in the water- 
tored columns is considerably less than that in the columns stored in 
ir. In the water-stored columns made of 4000-lb. concrete and 


The following conclusions regarding the behavior of concrete 
under sustained compressive stress and regarding the effects of the 
deformations that take place with time are based upon a study of the 
results of observations made to date. The tests should be considered, 
however, as still in progress. Findings made in tests already carried 
out have pointed to the desirability of further tests, which are at 
present projected. 

1. The major portion of the plastic flow or time-yield in concrete 
under sustained compressive stress is apparently due to seepage of 
colloidal water from the cement gel (Figs. 1, 2, 3, 4). 

2. So far as gain or loss of moisture is concerned, plastic flow and 
shrinkage are intimately related (Figs. 1, 2, 3, 4). 

3. The moisture content of the cement gel has a marked effect 
upon the seepage and hence upon the time-yield of concrete. The 
flow of a totally dry concrete is of very smali magnitude (Fig. 3). 

4. The rate or extent of hydration of the cement alters the time- 
flow relation appreciably, as indicated by the effect of age at time of 
loading (Fig. 9). 

5. It is possible that in addition to seepage, both crystalline and 
viscous flow may take place to some extent. Crystalline flow is sug- 
gested by differences in flow observed in concrete containing different 
aggregates (Fig. 


having 1.9 per cent steel, the slip is practically zero. a a 
CONCLUSIONS 
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flow, is suggested by the existence of lateral flow accompanying axial 
flow when the lateral dimensions are unrestrained (Fig. 8). 

6. When differences in flow may be due to causes other than 
seepage, the relative shrinkage of different concretes (concretes con- 
taining different mineral aggregates) is no criterion of the relative 
flows of those concretes (Fig. 6). 

The gradation of the aggregate appreciably alters the time- 
flow relation for otherwise similar concretes (Fig. 5). The concrete 
having aggregate of coarser gradation exhibits greater flow. 

8. The magnitude of flow is affected by the size of the mass. 
Within limits of the tests it is found that the larger the mass the less 
the flow (Fig. 7). Thus in general, the results of flow tests on small 
specimens are not directly applicable in estimating the probable time 
effects in large concrete masses, although flow of appreciable magni- 
tude may possibly occur in large masses as is indicated by tests of 
concrete specimens maintained under load in sealed containers and 
restrained from lateral movement (Fig. 10). 

9. If the moisture conditions are constant, temperature appears to 
have little or no effect upon flow. Observed differences in flow, for 
air-stored concretes at various temperatures, may be attributed to 
differences in the moisture content of the air at the given temperatures 
(Fig. 4). 

The higher the sustained stress, the greater the flow. Under 
the given test conditions for concretes loaded at ages of 28 days and 3 
months, and for stresses ranging from 300 to 900 lb. per sq. in., it is 
found that the flow is roughly proportional to the sustained stress, 
but outside the given limits this relation does not hold (Fig. 9, Table I). 

11. In plain concretes, under certain conditions, flow is observed 
to continue even after almost 7 years under sustained stress, although 
the rate of flow is exceedingly small. In most cases the flow practically 
ceases after 1 or 2 years at the most (Figs. 1, 2, 6, 9, 17, 18). 

12. In concretes stored in dry air the shrinkage acts with plastic 
flow to increase the total change in length with time. In many cases 
the magnitude of the shrinkage is practically equal to that of the flow 
for concretes at ordinary working stresses, say 800 lb. per sq. in. (Figs. 
1, 2, 4, 6). 

13. When plain concrete cylinders of relatively small diameters 
(4 in.) are stored in dry air under sustained stresses, within the range 
of ordinary working stresses for concrete, the total change in length 
due to flow and shrinkage combined may a time reach a magnitude 
equivalent to 1 or 2 in. per 100 ft. (Figs. 1, 2, 9). 

_ 14. For plain concrete cylinders stored under moist conditions, 
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the total deformation due to flow and expansion may be of the order o. a 


one-third to one-fourth of the total deformation of similar  eongcoril 
stored in dry air (Figs. 1, 2, 4). 


mass of concrete, especially when it is thee to drying conditions - F 
(Fig. 8). This fact points to the existence of considerable differences _ 
between the assumed and the actual distribution of stress across a 
section in concrete members of structural dimensions. 

16. After release of sustained load, a plastic recovery takes place — 
which may continue over a period of several weeks and which may © 
reach an appreciable fraction of the flow produced by the previously — 
sustained load (Figs. 11, 12, 13). The phenomenon is probably due, — 
in part, to the resilience of the compressed aggregate particles. Re- 
covery is observed to take place even after loads have been sustained 
for almost 7 years (Fig. 11). 

17. Although steel reinforcement in concrete columns is effective 
in reducing the flow and shrinkage below that which takes place in 
plain concrete columns, nevertheless deformations of appreciable 
magnitude may take place over a period of time. In the air-stored 
reinforced columns for which tests are reported here, the total unit 
time-deformations are of the order of one-half to one-third of those in 
corresponding air-stored plain concrete columns (Figs. 17, 18). 

18. Appreciable changes in the distribution of stress between the 
steel and concrete take place in reinforced columns under load in dry 
air. In the tests here reported, in which the columns were subjected 
to the maximum load allowed by specifications, the stress in the steel 
due to all causes reaches, for certain conditions, a magnitude of 40,000 
lb. per sq. in. (Fig. 14 (a) ). This fact points to the desirability of the 
use of at least a medium grade of reinforcing steel for concrete com- 
pression members, particularly when the member is to be subjected 
to drying conditions. The use of coatings which prevent the loss of 
moisture seems to merit consideration as a means of reducing the 
development of high steel stresses in reinforced concrete compression 
members. The increase in steel stress with time, in reinforced con- 
crete columns under load and stored under water, is considerably less 
than the increase in stress of corresponding columns stored in dry air. 
Under the conditions of test, the maximum stress due to all causes 
reaches a value of 12,000 Ib. per sq. in. (Fig. 14 (0) ). 

19. The reduction in concrete stress with time, corresponding to 
the increase in steel stress, may be very marked. It is found that in 
some columns under test in dry air, in spite of the continued applica- 
tion of the full load which is permitted wader the design — 
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the concrete | stress is gradually reduced to samseali: ave. For 
columns stored under water, the reduction in concrete stress is much 
less marked (Fig. 15). 

20. In reinforced concrete columns not under load and stored in 
air, concrete stresses due to shrinkage may be such that the concrete 
will fail in tension, after which the development of cracks relieves the 
stresses set up in both the steel and concrete (Fig. 16). 

21. In compression members in which the load is transferred to 
the steel solely through bond with the concrete, a considerable slip 
or flow in bond between steel and concrete may take place over a 
period of time. This condition is most marked when a relatively lean, 
or weak, concrete is reinforced with a high percentage of steel (Fig. 19). 
The tests indicate that slip occurs over only a relatively short distance 
near the ends of the steel reinforcing bars. 

22. The rate of time-yield in reinforced-concrete columns stored 
in dry air appears to become practically zero after a period of about 
one year. In water-stored columns, equilibrium is evidently reached 
within a few months. 
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TESTS ON REINFORCED BRICK MASONRY COLUMNS 


Tests of thirty-two 124 by 124-in. brick columns 6 ft. high made with 
Chicago common and with Waupaca face brick are reported. The variables 
included three percentages of longitudinal and a like variation in lateral rein- 
forcement together with two high-strength portland cement lime mortars. 
The results indicate that the column strength varies directly with the strength 
of the masonry and the percentage of longitudinal steel, and is increased by the 
use of lateral reinforcement. Strengths of 5000 Ib. per sq. in. based on gross 
area and over 7000 Ib. per sq. in. on the cores after shell spalling were attained. 
For suitable reinforced brick masonry columns a factor of safety of 3.5 to 4.0 
is suggested. 


INTRODUCTION 


This series of tests is the outgrowth of a program planned by 
the Reinforced Brick Masonry Board to determine the properties of 
reinforced brick masonry columns. The tests were conducted in 
the Materials Testing Laboratory at The University of Wisconsin 
under the direction of the author during the summer of 1933. Effec- 
tive assistance was rendered by K. F. Wendt and L. O. Hanson, 
Instructors in Mechanics, and L. M. Basford, Technician. Acknowl- 
edgment is made to Con Gmeiner and Sons, Inc., of Waupaca, and aS 
the Illinois Brick Co. of Chicago for donations of brick. Fundsfor 
conducting the tests were donated to the university fromthe Research _- 


Fund of the Reinforced Brick Masonry Research Board. 


Ores Tein wel ane all MATERIALS it ter: 


Comeut,~Belanete of 1:3 standard sand mortar made from 
the cement used in these tests exhibited a tensile strength of 333 and 
388 Ib. per sq. in. 2t 7 and 28 days, respectively. The compressive 
strength of 2 by 4-in. cylinders of the same mix was 2880 and 3970 lb. 
per sq. in. at the same ages. tm 
Sand.—The Janesville mason’s sand weighed 106 lb. per cu. ft. 
All of it passed a No. 8 sieve, 71 per cent passed a No. 28 sieveand 
17 per cent passed a No. 48 sieve. The average fineness modulus : 


1 Professor of Mechanics, University of Wisconsin, Madison, Wis. ahi 
(387) 
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Steel.—The intermediate grade 1-in. round deformed bars used 
for longitudinal reinforcement had tensile and compressive yield 
points of 47,840 anf 48,720 lb. per sq. in., respectively. The yield 
point of the ?-in. round steel rods used in the hoops was 53,800 Ib. 
per sq. in. The strength of the fillet and spot welds in the 10-in. 
hoops after heating to 900 C. and straightening while hot averaged 
58,900 Ib. per sq. in. of rod cross-section. Spot welds alone on the 
hoops were unsatisfactory. 

Brick.—The average percentages of absorption for the Chicago 
common clay brick were 3.6 at 1 min., 7.0 at 30 min., 10.7 at 48 hr.,and 
13.9 after a 5-hr. boil. These brick were 8.15 by 3.64 by 2.21 in., 
weighed 4.23 lb., had a modulus of rupture of 930 lb. per sq. in. and 
a crushing strength flatwise of 2735 lb. per sq. in. The average 
percentages of absorption for the Waupaca clay face brick were 0.7 at 
1 min., 1.5 at 30 min., 2.2 at 48 hr., and 3.2 after a 5-hr. boil. Their 
dimensions were 7.52 by 3.42 by 2.18 in. They weighed 4.26 Ib. and 
had a modulus of rupture of 2120 lb. per sq. in. Bedded flatwise in 
plaster of Paris, half brick had a crushing strength of 14,420 lb. per 
sq. in., bedded in Lumnite the flatwise crushing strength was 20,000 
Ib. per sq. in. 

Mortar.—All mortar proportions are expressed in terms of dry 
weight of dolomitic hydrated lime, Z, cement, C, and sand, S. 
Amounts of lime, cement, and sand sufficient for two hours work were 
weighed, placed in a mortar box, and dry mixed until of uniform 
appearance. Sufficient water was then added to make a plastic 
mortar with a flow of 80 to 100 as determined on a 10-in. flow 
table using thirty 0.18-in. drops in 30 sec. The water-cement 
ratio, by weight, for the 1Z:3C:12S averaged 0.88 and for the 
1L:3C:7.5S, 0.69. Occasional retempering was permitted when the 
batch in the mortar box became too stiff. The mortar was mixed by 
an experienced mason’s helper. Specific weights for moist-cured 
mortars of 1£:3C:12S and 1£:3C:7.5S were 136 and 135 lb. per 
cu. ft., respectively. 


Columns.—All columns and auxiliary brick prisms were built by 
an experienced mason on leveled cast-iron base plates. Like columns 
were in most cases made on different days. Just prior to laying, 
Chicago brick were dumped from a wheel barrow onto the floor and 
wetted with a hose. From determinations, each on five bricks on 
three different days, it was found that the water content of the bricks 
when laid was between 5 and 7 per cent, by weight. Waupaca brick 
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were laid air-dry and probably did not contain over 0.2 per cent of 
Joints were struck flush with the surface of the work. Figure 1 
Owing to the small space inside of the vertical 
rods, only small bats could be used in filling this space and the pro- 
portion of mortar was much higher than in other parts of the columns. 
Due to the small size of the Waupaca brick and the use of a fixed 
spacing for the vertical rods the vertical joints in these columns were 
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columns. 
Columns were cured under damp canvas wetted twice a day for 
one week and thereafter in the air of the laboratory until tested. 
Mortar S pecimens.—From every batch of mortar used in making 
columns, three 2-in. cubes and three 2 by 4-in. cylinders were made. 
These were moist cured for 7 days and then stored under dry canvas 
until the corresponding columns were tested, when they were also 


broken. 


. Brick Prisms.—One or two 8 by 8 by 16-in. brick prisms were 
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TYPICAL ELEVATION 

Fic. 1.—Column Details. 


in. wide, a condition which undoubtedly weakened the 
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made on each day that columns were built. These prisms were 6 
courses high with the brick laid flatwise with }-in. joints and headers 
and stretchers alternated in every other course. They were cured in 
the same manner as the columns and tested at the same age. 

Columns —The columns were tested when approximately - 4 weeks 
old in a 600,000-Ib. hydraulic testing machine provided with a spherical 
upper head, see Table VI. Three of the strongest columns were 
broken in the two-screw 1,000,000-lb. testing machine at the Forest 
Products Laboratory. Longitudinal strains were measured over a 
50-in gage length by wire-wound dial compressometers reading to 
0.0001 in. 

Loads were applied in increments of 100 to 330 lb. per sq. in., 
depending upon the strength of the column under test. Strain 
readings were taken 30 sec. to 1 min. after application of the load, 
depending upon the time required for cessation of motion of the dial 
pointers. The rate of stressing near the maximum load was usually 
between 150 and 250 lb. per sq. in. per min. 

In a considerable number of tests, loads approximating a third 
to a half of the ultimate for the column were repeated several times 
or held for a half hour or longer in order to secure some data on the 
plastic flow of the column. 

Brick Prisms.—The prisms were tested in a three-screw 250,000-Ib. 
machine using a spherical upper head. Deformations were obtained 
with a wire-wound dial compressometer reading to 0.0001 in. over a 
10-in. gage length. A speed of movable head of 0.06 in. per min. for 
the machine running idle was used. Loads were applied in increments 
of 10,000 to 25,000 lb. 

Mortar Prisms.—Cylinders and cubes were capped with plaster 
of Paris and — at a speed of 0.03 in. per min. am 

Mortar Prisms.—The average results of the tests on the mortar 
and the brick prisms are given in Table I. The ratio, strength of 
cylinder to strength of cube, for the 1L:3C:12S mix averaged 0.99 
and for the 1L:3C:7.5S mix, 1.03. Hence, both cube and cylinder 
strengths were averaged and reported in column 6 of Table I. With 
one exception, the strengths of the batches of 1L£:3C:12S mortar 
were all within 18 per cent of the average, 2335 lb. per sq. in. For 
the 1L:3C:7.5S batches the strengths were within 6 per cent of the 
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Brick Prisms.—Prisms made with Chicago brick and 1L:3C:12S 
mortar all had strengths within 8 per cent of the average, 1040 lb. 
per sq.in. Failure usually began by transverse rupture of a brick at 
a vertical mortar joint. This was followed by extension of the crack 
vertically, splitting of the prisms into smaller units, and crushing of 
one or more bricks. No failures were due to weakness of mortar. 
Values for the secant modulus of elasticity at one-third the ultimate 
strength were, however, far more variable, ranging from 610,000 lb. 
per sq. in. to 1,120,000 lb. per sq. in. and averaging 905,000 Ib. per 
sq. in. Why these prisms exhibited lower stiffnesses than the cor- 
responding plain columns is not definitely known. On the other hand, 
these prisms exhibited a stiffness in direct proportion to their strength 
Waupaca brick prisms made with 1Z£:3C:12S mortar varied little 
from the average, 3675 lb. per sq. in. There was evidence in two of 


TABLE I.—AVERAGE COMPRESSIVE STRENGTHS AND MODULI OF ELASTICITY FOR 
AUXILIARY 8 By 8 BY 16-IN. PRISMS. 


Age at Test, 4 weeks. 


ressive Strength, Ratice 
Mortar Miz | 4 o¢ | Modulus of 
Column by Weight, Brick Elasticity, 
P/M | P/B | M/B 
(M) (B) (P) 
1 2 8 4 5 6 7 8 9 10 
Nos. 1to16.... 1:3:12 Chicago 905 000 2310 2 734 1040 | 0.45 | 0.38 | 0.85 
Nos. 17 to 20.... 1:3:12 Waupaca | 2 680000 2375 14420 | 3675 1.55 | 0.25 | 0.16 
Nos. 21 to 32.... 1:3:7.5 Waupaca | 3 680000 3567 14420 | 4521 | 1.27 | 0.31 | 0.25 


the three tests of spalling at the mortar joints after transverse rupture 
of a brick. 

Waupaca brick prisms made with 1Z2:3C:7.5S mortar varied less 
than 12 per cent from the average 4521 lb. per sq. in. Evidence of 
spalling of mortar prior to failure was noted in one instance at a load 
of 4200 lb. per sq. in. Im general, however, these prisms failed in 
the same manner as the Chicago brick prisms but with far less warning 
and much greater violence. From the P/B and M/B ratios in 
Table I, it appears likely that still stronger prisms and columns can 
be made with Waupaca brick by using a mortar of higher compressive 
strength than the 1£:3C:7.5S. 


RESULTS OF TESTS 

Behavior of Columns Under Test.—The properties of the 32 columns 
tested are listed in Table II. Typical stress-strain curves are shown 
in Fig. 2. The tests of the plain columns were characterized by 
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TABLE II.—PROPERTIES OF REINFORCED BRICK COLUMNS. 


orizontal mortar joints were }-in. thick. Hoops had 2-in. lap joints. Joints in all 8-in. hoops and in 10-in, 
El es 9, 11, 13, 15 were spot welded. All other 10-in. hoope were lap welded. 


Two fin. round hoops, 8 and 
10 in. in diameter at 24-in. 


Four 1-in. round deformed 
rods with two #-in. round 
hoops, 8 and 10 in. in di- 
ameter at 24-in. centers. . . 

Eight 1-in. round deformed 
rods with two }-in. round 
hoops, 8 and 10 in. in di- 


Eight 1-in. round deformed 
rods with one }-in. round 
hoop 10 in. in diameter at 


hoops, 8 and 10 in. in di- 
ameter at 2}-in. centers... 
Eight 1-in. round deformed 
rods with two #-in. round || 152.0} 90. 50 | 2.51 
hoops, 8 and 10 in. in di-|/ 154.5 4 2.51 
ameter at 24 in. centers. .. 
Four 1-in. round deformed 
hoope, § and 10 in. in di-|| 159 5! 99.8 | 2. 52 | 2.56 


162.0) .... 
158.4) 90. ‘ 2.46 


154.6) 90.8 | 2. . " 1.36 | Waupaca 


Percentage of 
if | Reinforcement | 
Gross | Core | Toncitudinal| Lateral. | Kind Mortar Mix 
Longitudinal,| Lateral, 
a Column Reinforcement Area, | Area, of by Weight, 
sq. in. | sq. in. — Brick _|lime: cement: sand 
Gross | Core | Gross | Core 
Not 157.5} ....|0 | ....]0 | Chicago 1:3:13.5 
No. 2 | | Chicago 1:3:12 
| | 1.98 0 Chicago | 1:38:12 
|| No. 5 163.2) .... | 3.81] |... | Chicago 1:3:18.5 
} 156.8} 90.8) 0 | 0 | 1.37 | 2.37 | Chicago 1:3:12 
J « No 165.8} 90.8 | 1.88 | 3.42 | 1.32 | 2.41 | Chicago 1:3:12 
, a No. 163.2} 90.8 | 1.90 | 3.42 | 1.34 | 2.41 | Chicago 1:3:12 
i 
oe.) | Soa 161.3} 90.8 | 3.86 | 6.85 | 1.36 | 2.42 | Chicago 1:3:12 
i No. 12 163.8} 90.8 | 3.80 | 6.85 | 1.33 | 2.41 | Chicago 1:3:12 
ameter at 24-in. centers 
1 Four I-in. round deformed 
a No. 13) rods with one }-in. round || 160.0] 90.8 | 1.94 | 3.42 | 0.75 | 1.33 | Chicago 1:3:12 
Raids No. 14) | hoop 10 in. in diameter at |{ 161.3} 90.8} 1.93 | 3.42 | 0.75 | 1.33 | Chicago 1:3:12 
: No. 162.0| 90.8 | 3.84 | 6.85 | 0.75 | 1.33 | Chicago 1:3:12 
No. 17 N 144.7} .... | 0 | Waupaca 1:3:12 
19] | round deformed | ....] Waupecs | 1:8:12 
| | 4.10 0 Waupaca | —1:3:12 
No. 21 148.8}90.8/0 |0 | 1.54|2.53| Waupaca|  1:3:7.5 
150.7; 90.8|0 |0 1.51 | 2.51 | Waupaca 1:3:7.5 
Four 1-in. round deformed 
No. 23 yaupaca 1:3:7.5 
No. 24 /aupaca 1:3:7.5 
No. Vaupaca 1:3:7.5 
No. Vaupaca 1:3:7.5 
No. Vaupaca 1:3:7.5 
No. 28 Vaupaca 1:3:7.5 
= No. 20| Vaupaca 1:3:7.5 7 
No. 32{ | Samess 1:3:7.5 
ae and 20 which were 12 ft. high. 4 
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barely audible creaking sounds at loads approximating half the 
ultimate. At loads near the ultimate, transverse cracks appeared in 
the brick usually at vertical joints. These cracks spread vertically 
through bonding planes of vertical joints and brick and an abrupt 
failure ensued. Figure 3 shows the failure of column No. 1 a 


2500 


Brick, Wavpaca 
Mortar, 75S 


0.0020 0.0030 0.0040 
Strain 
Fic. 2.—Stress-Strain Curves for Columns Nos. | to 6, 13 to 16, and 25 to 29. 


Columns equipped with }-in. ties centered 15 in. apart after being 
strained beyond the yield point of the vertical steel also failed sud- 
denly with separations of the outer shell from the core as shown for 
column No. 19 in Fig. 4. 

Lateral hoops in every joint served to increase markedly the 
toughness and to some extent the strengths of the columns. Failures 
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Fic. 4.—Failure of Waupaca Brick 
Column No. 19. Reinforced with 
4 per cent of vertical steel. 


Fic. 5.—Failure of Chicago Brick Col- Fic. 6.—Failure of Waupaca Brick Col- 
umn No. 10. Reinforced with hoops umn No. 25, the Strongest Tested. 
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of hooped columns were accompanied by spalling of the portions of 
brick outside of the outer ring and considerable longitudinal strain 
and deflection before failure. In tests of hooped columns Nos. 10, 
15, 16, 21, 23, 25, and 26, shell spalling was accompanied by a decided 
drop in load which was followed by a definite pick-up until the core 
strength was reached. In several tests, these maximum core loads 


TABLE III.—CoMPARISON OF STRENGTHS OF COLUMNS AND AUXILIARY PRISMS. 


timate Strer 
Ib. per sq. in. 
of 4 Load at 

Reinforcement | Mgzimum Failure Colums 

Column Core, 

tb. lb. Prism 

In Based on|Based on 

| Longi (P) 

ngi- 
tudinal Lateral (p) (m) p/q | m/q | m/p 

0 0 154800 | ...... 983 

0 0 174900 | ...... 1090 
1.92 | 0 000 | 1667 
193 | 0 1580 
3.81 | 0 412300 | 2525 
3.83 | 0 goo 2640 
0 1.36 | 218000 |190000| 1340 | 2000 1.20 | 2.01 | 1.66 
0 1.37 | 175400 | 143000 | 1120 | 1575 || 1-08 | 1.51 | 1-41 
1.88 | 1.32 | 341000 |323000| 2060 | 3560 1.98 | 3.42 | 1.73 
1.90 | 1.34 | 333500 |320500| 2040 | 3530 1.96 | 3.39 | 1.73 
3.86 | 1.36 | 467000 |378000| 2900 | 4160 2.79 | 4.00 | 1.44 
3.80 | 1.33 | 453000 |...... 2765 | .... | pod pee 
1.94 | 0.75 | 343500 | 2145 | |... 2.06 
1.93 | 0.75 | 322200 | 269000 2970 1.92 | 2.85 | 1.485 
3.83 | 0.74 | 461750 |420000| 2840 2.73 | 4.45 | 1.63 
3.84 | 0.75 | 460400 |389250| 2840 | 4300 2.73 | 4.14 | 1.51 
0 0 361500 | ...... 0.68 
0 0 377500 | ...... 2615 | 0:71 
4.15 | 0 612700 | |..... 4030 | 
410 | 0 631500 | ...... aio | 1.13 
0 1.54 | 581000 |456000| 3900 | 5030 0.86 | 1.11 | 1.29 
0 1.51 | 564600 |449000| 3740 | 4950 0.83 | 1.09 | 1.32 
2.07 | 1.51 | 608000 |560500| 4040 | 6190 0.89 | 1.37 | 1.53 
2.07 | 1.52 | 605500 |538500| 4020 | 5930 0.89 | 1.31 | 1.47 
4.10 | 1.50 | 768700 |694000| 5050 | 7650 1.12 | 1.69 | 1.52 
4.03 | 1.47 | 745000 |585000 | 4820 | 6450 | | .59,)| 1:07 | 1.43 | 1.34 
1.98 | 1.48 | 620000 |515500| 3950 | 5690 0.87 | 1.26 | 1.44 
1.95 | 1.46 | 645000 |484000| 4045 | 5340 0.89 | 1.18 | 1.32 
2.04 | 1.52 | 591500 |510500| 3380 | 5620 0.86 | 1.24 | 1.45 
0 0 542000 | ...... 3340 | .... 
1.96 | 1.41 | 620000 |565500| 3015 | 6225 0.87 | 1.38 | 1.59 
2.01 | 0.80 | 712200 |440500| 4610 | 4850 1.04 | 1.07 | 1.05 


were held for 1 to 10 min. before a weld parted or the masonry failed. 
In none of the tests did the maximum core load (P;) exceed the 
previous maximum (P) which the column had held prior to spalling 
of the shell. Typical failures of this type of column are shown in 
Figs. 5 and 6. 

Influence of Various Factors on Column Strength—A comparison 
of the strengths of columns and auxiliary prisms is given in Table ITI. 
Examination of these data shows that the maximum deviation from 
the average strength for a given pair of columns was 9 per cent. In 
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all but two pairs, the deviation from the average was less than 3 per 
cent. For columns Nos. 23, 24, 27, 28 and 29, which differed only 
in length, the greatest deviation from the average strength was only 
2.7 per cent and the average deviation was under 1.5 per cent. 

The average strength of the auxiliary prisms of Chicago brick 
checked very closely the strengths of the two plain columns made of 
that brick. With the Waupaca brick, however, the ~/g ratios show 
that the plain columns made with that brick carried only 68 to 74 
per cent of the maximum stress supported by the corresponding 
prisms. Part of these deficiencies of the Waupaca brick columns 
can be ascribed to weaknesses induced by the wide vertical joints and 
the inferior lateral bond which existed in the columns due to method 
of laying. The use of hoops in each joint of columns Nos. 21 and 22 
partly overcame this deficiency and increased the ~/g ratio to 0.84 
for these columns. The void spaces around the bats were another 
source of weakness in these columns. Despite these defects, with the 
same mortar the plain columns with Waupaca brick were 2} times as 
strong as those made with Chicago brick and with 1L:3C:7.5S mortar 
were 34 times as strong. 

Considering plain columns made with 1L:3C:12S mortar the 
strengths were approximately in proportion to the moduli of rupture 
of the brick. Comparison of the ratios p:/9, p/q, and p,/p in Table IIT 
shows that the core material when fully stressed was decidedly stronger 
than average strength of the column or prism. Considerations of 
these data together with the inherent weaknesses of these cores due 
to fabrication difficulties indicate that outer hoop diameters should 
be made as large as limits of proper protection for the hoops against 
weathering or fire permit in order to secure high efficiency from the 
hoops. 

Waupaca “ve brick column No. 30 made with 1£:3C:7.5S 
mortar was over 30 per cent stronger than columns Nos. 17 and 18 
made with 1L:3C:12S mortar. 

Columns made with either brick were strengthened in direct 
proportion to the amount of included vertical steel. 

Columns of Chicago brick reinforced with two 3-in hoops per 
joint exhibited about 25 per cent greater strength than similar plain 
columns. The data for the Chicago brick columns indicate that a 
single ? by 10-in. hoop per joint in a 12} by 12} in. column is sufficient 
lateral reinforcement for the ordinary proportions of vertical steel. 

In the Waupaca brick columns the use of two 3-in. hoops per joint 
effected an increase of 14 per cent over plain column strength. A 
fair comparison between:} Waupaca columns Nos. 32 and 31, reinforced 
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with one and two hoops per joint, respectively, cannot be made 
owing to defective filling of the concrete core at the lower end of 
column No. 31. Furthermore, two of the bars in column No. 32 had 
yield points 10,000 Ib. per sq. in. higher than the bars used in the 
other columns tested. 

Column cores made of a given brick after spalling of shells ex- 
hibited strengths in direct proportion to the percentage of vertical 


TABLE IV.—Unit STRESSES CARRIED BY BRICKWORK AND BY STEEL 
AT Maximum Loap. 


Unit Stresses, Ib. per sq. in. 
Percentage of Ultimate 
Reinforcement Brickwork  |Strength of} Ratios 
"Grae | Core | Stee Ib. per 
Based on|Based on} sq. 
tudinal | Lateral) (p) (m) (y) = (br) (9) b/q | 
0 0 rence, 
0 0 1090 1.05 | .... 
1.92 0 1667 743 0.71 aie 
1.93 | 0 1580 48720) | 951 0.63 
3.81 0 2525 6-9 0.66 | .... 
3.83 0 2640 798 tt , = 
0 1.36 1340 eee 1340 2090 1.29 | 2.01 
0 1.37 1120 yy er 1120 1575 1040 1.08 | 1.51 
1.88 1.32 2060 3560 1162 1950 1.12 | 1.87 
1.90 1.34 2040 3530 1133 1920 1.09 | 1.85 
3.86 1.36 2900 4160 1050 874 1.01 | 0.84 
3.80 1.33 2765 48 720 945 0.91 
1.94 0.75 2145 1221 cant 1.18 
1.93 0.75 2000 2970 1076 1335 1.03 | 1.28 
3.83 0.74 2840 4630 1 1370 0.96 | 1.32 
3.84 0.75 2840 4300 1002 1010 0.96 | 0.96 
No, 17... 0 0.68 
No. 18... 0 0 a errr 2615 3675 0.71 
4.15 0 } 48 720 { 2145 0.56 
10 0 4160 2250 0.61 
No. 21 0 1.54 3900 eae 3900 5030 0.86 | 1.11 
0 1.51 3740 3740 4950 0.83 | 1.09 
See eee 2.07 1.51 4040 6190 3095 0.68 | 1.03 
ON Se eee 2.07 1.52 4020 5930 3070 4410 0.68 | 0.98 
Dh Mi nceevaeneed 4.10 1.50 5050 7650 3185 4605 0.70 | 1.02 
SS eaeepetee 4.03 | 1.47 | 4820 | 6450 2975 | 3320 || so, || 0.66 | 0.73 
5 Saeeae 1.98 1.48 3950 5690 \ 48 720 3045 4150 0.67 | 0.92 
a 1.95 1.46 4045 5340 3155 3785 0.70 | 0.84 
= Senay 2.04 1.52 3880 5620 2940 4090 0.65 | 0.90 
No. 30 0 0 3340 sede 3340 pied 0.74 jae 
7 aa 1. 1.41 3915 6225 3012 4715 0.67 | 1.04 
adie ssanees 2.01 0.80 4610 4850 3700 3290 0.82 | 0.73 


steel. The effect of a given percentage of steel (based on the core 
area) on core strength (;) was about the same as the effect of the 
same percentage (based on gross area) on the ultimate strength (/). 
Owing to imperfect filling of the cores by the bats and mortar 
in the columns reinforced with vertical rods it is believed that the cores 
in these columns did not carry much of the load until the shell spalled. 
To test this assumption, columns Nos. 31 and 32 were built with 
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5 
cores poured of 5000 lb. per sq. in. concrete. Unfortunately, the mix 
~ 


was a bit too stiff and the lower end of column No. 31 was not per- 
fectly filled and its strength was no greater than that of column 
No. 23 or No. 24. Column No. 32 gave much better results. Retests 
were then made on undamaged 33-ft. lengths of columns Nos. 31 and 
32. In the retest, column No. 31A had a strength of 4520 lb. per 
sq. in. at maximum load and carried for 10 minutes 6980 Ib. per sq. in. 
on its core after spalling of the shell. Column No. 32A carried a load 
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Fic. 7.—Effect of Reinforcement and Kind of Brick on the Strength of Reinforced 
Brick Masonry Columns. 


of 4880 lb. per sq. in. at maximum, but its core load was not well 
defined due to breaking of welds in hoops. 

Stresses in Brickwork and Steel at Maximum Loads.—From the _ 
strain data typified in Fig. 2, it is apparent that the yield point of the __ 
longitudinal steel was reached in the test of every reinforced column. — 
Scaling of the longitudinal rods was also apparent in a number of © 
tests. Since the stress-strain diagram for steel of the grade used is 
practically parallel to the strain axis for a considerable range in strain 
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beyond the yield point, the stress in the vertical steel at the failure of 
these columns could not have been much in excess of the yield point. 
Assuming the steel stress at the column ultimate to be equal to the 
yield point, the stress in the brickwork was readily calculated and is 
entered in Table IV. A study of the b/g ratios in this table supports 
the belief that the cores were ineffective in carrying full stress at 
maximum load. The b,/qg ratios indicate that the restraining action 
of the hoops made it possible for the masonry within the hoops to 
carry a higher proportion of the prism strength than the column as 
a whole carried. There is one exception noted in b,/q ratio (0.84) for 
column No. 11. This is due, in that column, to the breaking of a 
weld which occurred after the maxirnum load had been reached. 

Relation of Strength to Percentage of Longitudinal Reinforcement.— 
The data for these tests showing the relation of unit loads to percentage 
of longitudinal steel have been plotted in Fig. 7. The percentages 
for the top curve in the figure are based on core areas, but all other 
percentages are based on gross areas of cross-sections. Full lines have 
been used to indicate the trends of the unmodified data. Dash lines 
show the strengths based on areas minus bats or strengths attainable 
with suitable concrete cores. 

The equations of the dash lines marked “Bats Neglected” are of 
the form: a 


P = maximum load, 
A = gross area of cross-section, 4 
fy = unit load for plain brick column, 
p = longitudinal steel ratio in terms of gross area, . 4 f 4 


p’ = lateral steel ratio in terms of gross area, 
f, = yield point of longitudinal steel, 
f’; = yield point of hoops, or weld strength if less than yield 


point, and 
_ K = constant tentatively assumed to depend upon the ratio 
aA ea A/A, and possibly on the kind of brick, where A, = 
Sie area of core within outer hoop. 


For these tests with A/A, approximating 1.7, f’, is 54,000 lb. per 
sq. in, p’ is 0.0075 for Chicago brick and 0.015 for Waupaca brick, 
and K is approximately 0.6. The validity of the last term of Eq. 1 is 
questionable until more data on the action of hoops has been secured. 

Working Stresses.—The strain-repetition and set-repetition curves 


- for these columns, together with the strain- time curves of others, 
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see Fig. 8, indicate that the time-rate of strain is very small for loads 
of 35 to 55 per cent of the ultimate for the reinforced brick columns. 
In Table V are listed unit stresses in steel and brickwork at loads of 
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Nurnber of Repetitions 
Fic. 8.—-Strain-Time Curves for Columns Nos. 12 and 23 and Strain-Repetition and 
Set-Repetition Curves for Columns Nos. 8and13. ? 
one-fourth the maximum for the tested columns. These were calcu- 
lated by computing the steel stresses from strains by Hooke’s law and 
subtracting these stresses from the total load to find the stresses in 
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we 


the brickwork. The ratios g/b’ and y/s indicate the relation of these 
. stresses to prism strengths and yield point of the longitudinal steel, 
respectively. The stresses in the brickwork for the reinforced columns 
assuming a factor of safety of 4 appear safe, especially with the accom- 
panying high ratios of y/s. The latter would appear to be ample 
to avoid overstrain in the steel due to plastic flow. For the columns 
of the stronger brick reinforced with hoops and vertical rods, the 
factor of safety could be reduced to 3.5. het 


TABLE V.—Unit Stresses CARRIED BY BRICKWORK AND BY STEEL ATONE-FouRTH > 


Maximum Loap. 


t Percentage of Unit Stresses, Ib. per sq. in. 
“2 Reinforcement Ratios 
iu Column In In Yield 
Gross | Brick- | Prism | Point 
Lateral | Area | Work @ @ of Steel 
tudinal (p’) (v) (y) | u/s 
0 246 246 | ..... ‘mt... 
0 273 3.81|.... 
0 417 294 | 6570 3.54 | 7.42 
0 395 290 | 5730 3.59 | 8.51 
0 631 365 | 7350 2.85 | 6.64 
0 660 354 | 8340 2.95 | 5.85 
1.37 280 1040 3.73 1 .... 
1.32 515 370 | 8070 2.81 | 6.04 
1.34 510 356 | 8490 2.92 | 5.75 
1.36 725 369 | 9570 2.82 | 5.10 
1.33 691 336 | 9690 3.10 | 5.03 
0.75 536 388 | 8070 2.68 | 6.04 
0.75 500 370 | 7080 2.81 | 6.89 
0.74 710 376 | 9060 2.77 | 5.38 
0.75 710 294 | 11 130 3.54 | 4.37 
0 625 625 | ..... 5.88 | .... 
0 1020 750 | 7260 4.90 | 6.71 
0 1040 779 | 7140 4.72 | 6.83 
1.54 975 975 | ..... et... 
1.51 935 935 | ..... 4.84] .... 
1.51 | 1010 878 | 7200 5.15 | 6.77 
1.52 | 1005 804 | 10530 5.62 | 4.62 
1.50 | 1262 908 | 9600 4.98 | 5.08 
1.47 | 1205 799 | 10830 | | gso4 5.66 | 4.50 
1.48 987 863 | 7200 5.24 | 6.77 
1.46 | 1011 867 | 8220 5.22 | 5.93 
1.52 970 819 | 8220 5.52 | 5.93 
0 835 5.42 | .... 
1.41 979 821 | 8850 6.51 | 5.61 
0:80 | 1153 | 998 | 8640 |} | 4.53 | 5.64 


Stiffness of Reinforced Brick Columns.—Values of the secant 
modulus of elasticity, Z, at one-fourth the ultimate load also after = 
repetition of a load of 34 to 57 per cent of the maximum are listedin 
Table VI. These values of EZ are comparable to similar stiffness = 

_ factors for reinforced-concrete columns of similar strength. Columns _ 
| with 2 per cent and 4 per cent of vertical steel without hoops exhibited Pe bb 
moduli approximately 40 and 75 per cent higher, respectively, than the E 
s plain columns. This agrees with theoretical calculations based on a 
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equal longitudinal strain in steel and concrete. The values of E for 
the hooped columns containing 4 per cent of steel are noticeably 
lower than the theoretical relationship. The lack of stiffness in the 
hooped columns containing 4 per cent vertical steel made with either 
brick also appears to be due largely to ineffectiveness of the cores in 
carrying their proportion of the load. 
TABLE VI.—Moputi or ELasticity oF Brick CoLuMNs. 
Age at Test, 4 weeks. o 


Ultimate 
Strength, 
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® Es = Modulus of elasticity of 
Columns Nos. 17 to 32, Zz = 3,250, 


os. 1 to 16, Zz = 1,510,000 lb. per sq. in.; 
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CONCLUSIONS 


1. The tests show that the effective strength of a reinforced 
brick masonry column equals the sum of three components, the 
strength of the plain masonry, the strength of the longitudinal steel 
at its yield point, and a less certain one due to lateral restraint offered 
by hoops when placed in the horizontal joints. A formula involving 
these components which is in reasonable agreement with the results 


is presented. 
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2. The data indicate that with very strong brick and mortar, a 
ratio of gross to core area of 1.7, 2} per cent of lateral and 7 per cent 
of longitudinal reinforcement based on core area, that crushing 
strengths of 5000 lb. per sq. in. may be obtained on gross area and 
7000 lb. per sq. in. on core area alone. 

3. Since the steel is the most expensive material in this type of 
column, economy dictates the use of strong mortars and high-strength 
brick together with sufficient longitudinal steel to insure proper 
stiffness and requisite security under eccentric loading. The addition 
of # per cent of hoops based on gross area promoted toughness, in- 
cua the strength and eliminated sudden failures in these tests. 
It seems probable that for ratios of A/A, less than 1.5, the percentage 
of hooping or other desirable lateral reinforcement could be reduced 
to 0.6 per cent. 

4. Filling small cores with bats is not as effective as filling with 
high-strength concrete. 

5. For common brick the strength of 8 by 8 by 16-in. masonry 
prisms was a good index of the strength of the plain columns, but for 
the high-strength brick the ratio of the plain column strength to the 
strength of the prisms was only 0.70 to 0.75. 

6. With careful workmanship including filled joints and good 
materials, reinforced brick masonry columns should be safe under 
static loads with a factor of safety of 4. For columns of high-strength 
brick and mortar, reinforced with both longitudinal stec] and hoops, 
a factor of safety of 3} is probably safe. 

7. Additional column tests should be made to ascertain more 
clearly the action of hooping, the suitability of other types of hooping, 
and the efficiency of still stronger mortars in combination with high- 
strength brick and steel with a high yield point. Larger columns 
with low ratios of gross area to core area, also columns with concrete 
cores placed by vibration should be tested. The effects of shrinkage, 
duration of load on plastic flow, the durability of both brick and 
mortars under freezing and thawing as in foundations, and the re- 
sistance of reinforced brick columns to eccentric loads are all problems hau» 
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a Mr. INGE LyseE! (presented in written form).—An investigation 
on reinforced brick columns was carried out at Lehigh University.* 
The report on this investigation presented a recommended design 
formula which is much similar to the one proposed by Mr. Withey. 
The factor of safety recommended was 4.0, or the same as Mr. Withey 
proposes for ordinary reinforced brick columns. It is gratifying to 
find such complete agreement between investigations carried out at 
two different places, which adds weight to the conclusion that rein- 
forced brick columns of proper design and workmanship may well be 
used in modern engineering construction. 

Mr. F. O. ANDEREGG.*—Last fall we built at Carnegie Institute 
of Technology three columns of ceramic units, 10 ft. high. The units 
were 32 by 8 in. in cross-section. A small steel rod ran through a 
hole in the center to facilitate assembly. The columns were tested 
at the age of about 40 days with plaster caps. The slenderness ratio 
of about 32 was quite high, and the columns suffered a bending of 
about an inch. Failure occurred by splitting at one end of the column 
at an average total load of 180,000 Ib. or 6000 Ib. per sq. in., which is 
quite high for so slender a column. It is suggested that lateral re- 
inforcement as used by Mr. Withey is unnecessary, provided that prop- 
erly designed ceramic units are employed. The tensile strength of a 
well-burned ceramic unit is adequate, and the wedge action of the steel 
hoops would be eliminated. The results obtained by Mr. Withey 
compare very favorably with reinforced concrete and with steel 
columns, especially when it is remembered that steel columns require 
fireproofing. Some economies doubtless are effected with reinforced 
brick columns over both steel and concrete with proper design and 
proper methods of assembly. 

A MemBER.—I notice that when the stress was maintained con- 
stant the strain continued to increase. That looks like a very 
great weakness, and I would appreciate further information on that 
observation. 


1 Research Associate Professor of Engineering Materials, Lehigh University, Bethlehem, Pa. 

2 The results of the 33 columns included in the Lehigh University investigation were published 
in a detailed report entitled “‘ Tests of Reinforced Brick Columns,” Journal, Am. Ceramic Soc., Novem- 
ber, 1933, p. 584; also published in condensed form in Engineering News-Record, March 16, 1933, p. 345, 
and January 4, 1934, p. 12. 

3 Consulting Specialist on Building Materials, Long Island City, N. Y. Bie 

= 


ry 
cc 
at 
ti 
= 
n 
f 
i= 


DISCUSSION ON REINFORCED BrIcK MASONRY CoLuMNS 405 


Mr. M. O. Wituey.'—In reply to the observation that certain 
columns exhibited large increases in strain under constant stress, 
attention is called to Fig. 8 of the paper. These and other similar 
data for the columns tested show that the rate of strain decreases with 
time, or with the number of repetitions. For loads approximating 
40 per cent of the ultimate, the increase in strain with time soon 
becomes a very small quantity, no larger than exhibited by other 
semi-plastic materials under comparable intensities of stress. As 
mentioned in conclusion 7, the effect of duration of load on plastic mf 
flow should be studied more thoroughly. 


1 + Professor of Mechanics, University of Wisconsin, Madison, 
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PROPOSED METHOD OF MAKING COMPRESSION TESTS ON 
PORTIONS OF CONCRETE BEAMS FROM 
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The practice of making flexure tests upon concrete for use in Freee 0 is 
now almost universally established. In addition to the modulus of rupture 
strength, most engineers, however, also desire to secure the compressive strength 
of the concrete. The Kansas Highway Commission has for several years been 
determining the compressive strength of the concrete on paving jobs by sending 
in to the main laboratory portions of the specimens broken in flexure, the 
ends of which are cut square by a silicon carbide saw. The prisms are then 
capped and tested in compression. Some states have followed a similar procedure, 
while other states have continued to make the standard 6 by 12-in. cylinders 
along with the flexure specimens. Others have drilled out cores or ground 
down beam ends and made compression tests. 

About four years ago, it came to the attention of Prof. C. H. Scholer that 
in some European laboratories it was common practice to make compression 
tests upon portions of beams from flexure tests (as modified cubes) as described 
in this paper. The Road Materials Laboratory of the Engineering Experiment 
Station of Kansas State College, in cooperation with the Kansas Highway 
Commission, has been making a rather informal investigation of this method 
and the results are herein presented. 

The compressive strength of the modified cubes is closer to the com- 
pressive strength of the standard 6 by 12-in. cylinders than is the compressive 
strength of prisms. 


In recent years, it is becoming accepted practice to make flexure 
tests on concrete used on paving projects. As yet, the engineering 
profession does not have enough information on flexure tests to 
warrant their exclusive use in the design of concrete mixtures. High- 
way departments that make flexure tests either make 6 by 12-in. 
cylinder specimens from the same batch of concrete for compression 
tests, or use silicon carbide saws to saw the ends of the flexure speci- 
mens off square, making prism specimens which are tested in 
compression. 


4 Assistant Professor, Applied Mechanics Dept., Kansas State College of Agriculture and Applied 
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To eliminate the necessity of buying expensive sawing equipment 
and extra labor required in making additional specimens, the author 
has attempted to perfect a suggested method of compression testing 
on the broken flexure specimens, the results of which compare very 
favorably with compression tests made in the standard manner on 
6 by 12-in. cylinders. This method has been checked and found 
satisfactory by using transparent models in photo-elastic equipment. 


MATERIALS 


Two mixes were used: one consisting of sand-gravel (mixed 
aggregate) aggregate, and the other mix consisting of fine aggregate 
and limestone aggregate. The materials all met the specifications for 
Kansas highway pavement. Ordinary portland cement was used 
with the sand-gravel mix and an early-strength cement was used in 
the coarse-aggregate mix. A water-cement ratio of 5 gal. of water 
per sack of cement was used for the sand-gravel mix and 5.25 gal. of 
water for the coarse-aggregate mix. All tests were made on typical 
paving mixes. 


Test METHODS 


The 6 by 12-in. cylinder compression specimens pen a. in 
accordance with the A.S.T.M. Standard Methods of Making Com- 
pression Tests of Concrete (C 39). The 6 by 6 by 36-in. beam speci- 
mens were made in accordance with the A.S.T.M. Tentative 
Laboratory Method of Making Flexure Tests of Concrete Using a 
Simple Beam with Center Loading (C 78 - 30 T).? 

The beams were broken in flexure in a simple-beam testing 
machine,’ loaded at the center of an 18-in. span. The specimens 
were broken at the ages of 4 and 10 days, which is common highway 
practice. 

After the beam is tested in flexure in the field, one, two, or three 
pieces (depending upon the number of compression tests desired) 
are sent to the testing laboratory where a 300,000-lb. compression 
machine is available. The portions of the beam are capped on the 
sides (not the top or bottom of the beam as it is molded) with a 
mixture of one part cement and one part plaster of Paris so that there 
shall be two smooth surfaces directly opposite each other, each 
surface being at least 7 in. in length and the full width of the specimen. 
It is recommended that machined cast-iron plates be used to place 
the specimen on while the cap is being formed. 

1 1933 Book of A.S.T.M. Standards, Part II, p. 230. Cit oak 


* Proceedings, Am. Soc. Testing Mats., Vol. 30, Part I, p. 1027 (1930); also 1933 Book of A.S.T.M. 
Tentative Standards, p. 440. 


* Proceedings, Am. Soc. Testing Mats., Vol. 30, Part II, p. 589 (1930). a oq 
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After capping, the specimens are placed in the moist room until lo 
time of testing when they are tested, as shown in Fig. 1, in a 300,000-Ib. 01 


Fic. 2.—Failure of Modified Cube Specimen in Compression. 


compression machine. The specimen is placed in the machine with 
6 by 6-in. bearing plates on the top and bottom directly opposite one 
another; thus the specimen is tested as a modified cube having the 


4 
| 
m Fic. 1.—Method of Loading Modified Cube Specimen. 
a 
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load applied over a 6 by 6-in. area, and a depth of 6 in. (if the beam 
originally was 6 by 6-in. in cross-section) with a short overhanging 
portion of the specimen on each side of the plates (Fig. 1). The 
length of projection beyond the plates has been from 1 to 3 in. In 
every case an effort has been made to have this projection symmetrical 
on each side. The photo-elastic analysis, however, does not indicate 
that this is important. 


DISCUSSION OF DATA 


The specimens in almost every case break up into a cone and 
fragments as shown in Fig. 2. In Fig. 3 are shown two sets of 


Fic. 3.—Failure of Prisms, Modified Cubes, and Cylinders Taken from the Same 
Batches of Concrete. 


specimens after testing, each set having consisted originally of two 
6 by 12-in. cylinders, and one 6 by 6 by 36-in. beam from a single 
batch of concrete. From each beam it was possible to get one prism, 
and two specimens tested as modified cubes. The specimens in Fig. 3 
do not show as distinct a cone-break as would have been possible if 
the deformation had been continued. 

The results of Mr. Gonnerman' show that at the age of 28 days 
6-in. cubes are 16 per cent stronger than 6 by 12-in. cylinders. This 
does not hold true for a comparison of the modified cube method 
suggested above, and 6 by 12-in. cylinders. The data in Table I 


1H. F. Gonnerman, “Effect of Size and Shape of Test Specimen on Compressive Strength of 
Concrete,” Proceedings, Am. Soc. Testing Mats., Vol. 25, Part II, p. 248 (1925). 
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TABLE I.—SAND-GRAVEL AGGREGATE CONCRETE. 


Compressive Strength, Age 28 days 


Variation 
from 


Prisms, 
Ib. per sq. in. 


+ & 

beiitoss 


| 


sttlt 


po 


| 
© 


o 


| 
— 
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* Each value is the average of two specimens. 


Cc 
ae ie Ib. per sq. in. Cylinders, | lb. persq.in.| Cylinders, 
: per cent per cent 
2861 
| | 5040 4440 
Ve 
Each value is the average of two specimens. 
wae 
Compressive Strength, Age 14 days 
aul Ib. per sq. in. | Ib. persq.in.| Cylinders, | !b. persq.in.| Cylinders, 
per per cent 
ml 3810 4080 +17.9 
ni 4925 4705 4967 +0.8 
Average 3904 3644 —8.8 | 4008 +0.7 
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indicate that it is not necessary to apply a correction factor when 
comparing the compression tests on 6 by 6-in. modified cubes, and 
6 by 12-in. cylinders. The average strength of the 66 modified cubes 
made of sand-gravel aggregate was 3993 lb. per sq. in. as compared 
with 4044 lb. per sq. in. for the sixty-six 6 by 12-in. cylinders. 

The average strength of 33 prisms was 3795 lb. per sq. in. These 
averages are based upon specimens made from the same batches of 
concrete, and the individual comparison between specimens can be 


ALAS 


of the Location of Load on the Modified Cube Specimen. 


made by considering that the specimens on each line (Table I) are 
made from the saine batch of concrete. 

For a coarse-aggregate concrete mix the average strength of 
twenty-six 6 by 12-in. cylinders was 3994 lb. per sq. in. (Table II), and 
the average strength of 26 modified cubes from the same batches of 
concrete was 4008 lb. per sq. in. Prisms sawed out of the same 
flexure specimens from which the modified cubes were taken show a 
strength of only 3664 lb. per sq. in., which is 8.8 per cent less than the 
strength of the corresponding cylinders. 

P II—27 
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The strength of the modified cubes corresponds very closely to 
the strength of 6 by 12-in. cylinders. The modified cube method 
gives much better results than the prisms when compared to the 
standard cylinder specimens. In fact, there is a closer relationship 
between the strength shown by cylindrical specimens and the modified 
cube specimens than is shown between the cylinders and the prisms. 
Tests on over 300 medified cubes which were not capped indicate 
that regardless of the apparent condition of the sides of the beams 
it is always necessary to cap both sides of the broken flexure specimen 
before testing in compression. Modified cubes, not capped, were 
8 per cent lower in strength than the capped standard 6 by 12-in. 
cy:inders, while capped modified cubes varied only 1.25 per cent from 
the standard cylinders. 


Fic. 5.—Photo-Elastic Analysis Showing Concentration of Stresses Due to Eccentric 
Loading. 


Photo-Elastic Analysis —A photo-elastic analysis of the modified 
cube method is shown in Fig. 4. It indicates that the uniform 
stresses! (indicated by the dark lines) are fairly constant regardless 
of whether there is only a slight overhang (as in the top of Fig. 4), 
or whether the load is applied at the center of the specimen with an 
overhang of two to three times the depth of the specimen. 

The most important things brought out by the photo-elastic 
analysis are that the bearing faces of the specimen being tested have 
plane smooth caps or faces, that the spherical bearing block is in 
good working condition, and that the load is applied perpendicular 
to the capped surface of the specimen. It will be noted that in spite 
of the polishing done on the bakelite used in the photo-elastic appa- 
ratus, the material showed irregular stresses on both surfaces of the 


1E. G. Coker and L. N. G. Pilon, “Photo-elasticity,” pp. 198-201. 
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specimen. The result of not centering the specimen under the 
application of load shows an unequal distribution of stresses. In 
Fig. 5 is shown the high concentration of stresses on the left side on 
the specimen which is shown by the large number of black lines. 


SUMMARY 


1. The length of projection of the ends of the beam past the 
bearing plates appeared to have no effect upon the strength of the 
modified cube. 

2. The modified cube method requires less labor, less expenditure 
for maintaining equipment, and less equipment than is required to 
test specimens as prisms or cores. 

3. The strengths obtained by the modified cube method are 
closer to the strength of the standard 6 by 12-in. cylinders than are 
the strengths of the prisms. 

4. The photo-elastic analysis indicates that the stress distribution 
is essentially the same regardless of the amount of overhang on each 
side of the bearing plates. 

5. The photo-elastic analysis indicates that it is impossible to 
get caps smooth enough so that there will be a uniform distribution 
of stresses without small concentrated stresses near the surface of 
the specimen. 

6. The photo-elastic analysis emphasizes the importance of 
getting the specimen accurately centered under the load so as to 
prevent an uneven distribution of stresses in the specimen. Highly 
concentrated stresses give low values not indicative of the true strength 
of the specimen. 

7. The adoption of the modified cube method of testing makes it 
practical to make compression tests on beam specimens after they 
have been tested in flexure, without the purchase of additional 
equipment. 

8. It is suggested that the modified cube method of making 
compression tests be given further study to determine its suitability 
for use on highway projects so as to further the gathering of valuable 
data on the relationship between flexural and compressive strengths 
of concrete mixtures. 


Acknowledgment.—The author is indebted to Prof. C. H. Scholer, 
Director, Kansas Highway Testing Laboratory, Manhattan, Kans., 
for his valuable suggestions in connection with this research project. 
The author is also indebted to Mr. H. Allen, Materials Engineer, 
Kansas State Highway Commission, for the preparation of the prism 
specimens. 
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DISCUSSION 


Mr. R. W. Crum! (presented in written form).—In comparing 
several different methods of testing a given property of a material, 
one factor that was only lightly touched upon by Mr. Koenitzer is the 
degree of uniformity attained in the test specimens. For instance, 
«two methods might give almost identical values for the average of a 
eee given number, but the individual results of one set might be so much 
more widely dispersed than the other as to make a comparison on the 
basis of averages very misleading. That is, if one method of test 
showed a much wider dispersion than another for a large enough group 
of specimens to constitute a statistical universe, the probable error in 
the average of a small sample tested by the first method would be 
much greater than that of the average of a similar sample tested by 
the more uniform method. 

There are several measures of uniformity used in statistical 
analyses that can be applied to a group of items all of which are 
intended to measure the same function and all of which are entitled 
to equal credence. The average tells nothing of how the individual 
items are arranged between the maximum value at one end of the 
range and the minimum at the other. The measure in most common 
use is the “standard deviation” obtained by squaring the deviation 
of each individual result from the average, adding them and then 
extracting the square root of their average. It is sometimes expressed 
as a percentage.of the average. 

On applying this process to Table I of the paper, standard devia- 
tions were computed as follows: 


It appears from these figures that there is little difference in 
uniformity in the three groups of specimens, although the modified 
cubes approach the cylinders more closely than do the prisms, as was 
also shown by the averages. 

In view of the fact that these standard deviations are rather 
greater than would be expected if a greater number of specimens had 
ms been tested, I suggest the desirability of further observations on much 


Director, Highway Research Board, National Research Council, Washington, D.C. 

(414) 
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larger groups so that the relative uniformity possible of attainment 
by the two methods of test can be more definitely determined. 

Messrs. H. J. AND GLENN Murpuy' (by letter) —When 
this paper first became available, the writers were laying out a series 
of compression tests on a large number of 2-in. cubes, 3 by 6-in. 
cylinders and 2 by 2 by 4-in. prisms (side cast) along with a few 6 by 
12-in. control specimens. A number of the prisms were allocated, 
therefore, to tests paralleling those described in the paper. Results 
from these tests are tabulated below: 


git” 7-day Tests 28-day Tests 
to bia. eed! aah Prisms, | Pri Prisms, | Prisms Cyli 
risms in- in- 
2by 2 by 4) as Cubes, |2 by 2by 4} as Cubes, | ders, 
in. Modified} 2 in. in. Modified} 2in. | 3 by 6 | 6 by 
Cubes Cubes in. in. 
Number of tests................ 12 16 24 24 ® 60 8 2 
Average strength, Ib. per sq. in. 3035 3020 29502 5570 5750 6040 5590 5280 
Ratio to prism strength. . ‘ 1.00 1.00 0.97¢ 1.00 1.03 1.08 1.00 0.95 
Max. strength any specimen, Tb. 
3370 3400 3460 6175 6200 6825 5800 5330 
Min. strength apy specimen, |b. 
2500 2600 2740 5100 5325 5000 5410 5220 


* Probably out of line on the low side. Cubes are usually somewhat stronger than prisms and cylinders of height 
twice the lateral dimension. 


From these limited tests the following comments are ventured. 
Support is found for conclusions Nos. 1, 2, 3, 4, and 8 of the paper. 
As a check on conclusion No. 1, for half of the 24 prisms tested as 
cubes the modified cube was taken as the middle 2 in. of the 4-in. 
length and for the others, as the end 2 in. Moreover the zone of 
damage does not (for the mortar used) extend beyond the boundary 
picked for the cube. For tests in which the modified cube was taken 
as an end 2 in. of the prism, the other 2 in. was undamaged and gave 
virtually the same strength as the end tested first. Sometimes the 
strength of the fragment was higher rather than lower. Still more 
striking was the fact that the two end fragments resulting from the 
test when the middle 2 in. were used as the cube gave a strength which 
equalled that of the middle 2 in. at the original test. 

It is difficult to understand why a prism tested as a modified 
cube should be weaker than a cube. It is common experience, as 
mentioned at the bottom of page 409 of the paper, that cubes are 
stronger than standard cylinders (our 7-day test results to the contrary 
notwithstanding). Thus while the evidence available seems to support 
conclusion No. 3, a satisfactory explanation is not yet apparent. 


1 Professor and Head, and Assistant Professor, respectively, Department of Theoretical and Applied 
Mechanics, Iowa State College, Ames, Iowa. 
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The writers’ specimens were of mortar 1:2} by weight and a 
water-cement ratio of 0.80 (sand dry and no allowance for absorption). 
Slump was 8 to 10 in. 

In closing, it is especially desired to commend the author on 
calling attention to a step in testing technique that promises to 
simplify greatly the control operations in pavement and some other 
forms of concrete construction. 

THe CHarMAN (Mr. F. E. Richart!)—The Chair would like to 
ask why the load was applied to the sides of the beam instead of to the 
top and bottom, as the beam was originally molded. 

Mr. W. E. Grsson.2—It was the thought of the author that a 
much smoother bearing surface can be obtained by using the side of 
the beam, as the top of the beam is generally rounded, due to casting. 

Mr. L. H. Koenrrzer® (author's closure by letter).—The author is 
indebted to Mr. R. W. Crum for his suggestions and computation of 
the standard deviation for the sand-gravel aggregate concrete. The 
author considered applying statistics to the data but questioned the 
application of statistical methods to a small amount of data. Applying 
the same statistical method to Table II of the paper, the results are 
as follows: 


To find the deviation of the strength of specimens made in the 
field, the author selected at random two concrete paving jobs which 
had sent to the laboratory the broken ends of the flexure specimens. 
The ends were cut square on a silicon carbide* saw. The specimens 
were then capped and tested in compression as prisms, at the age of 
90 days. On one project the standard deviation was 10.58 per cent 
for 66 specimens, and on another project the standard deviation was 
11.1 per cent for 57 specimens. It is obvious that the larger the 
number of samples (specimens) the more significant will be the 
standard deviation. 

Some of the data in Table I of the paper were secured from field 


specimens which would not be expected to fit in closely with the _ 


laboratory specimens. 
The author is also indebted to Messrs. H. J. Gilkey and G. 

Murphy for their interest in checking the results of the paper using 

1 Research Professor of Engineering Materials, University of Illinois, Urbana, III. 

2 Engineer of Tests, Kansas Highway Commission, Manhattan, Kansas. 

* Assistant Professor, Applied Mechanics Dept., Kansas State College of Agriculture and Applied 
Science, Manhattan, Kans. 

4C. H. Scholer and L. H. Koenitzer, “A Study of Fourteen Brands of Standard Portland “ement, 
and Four Early-Strength Cements, " Proceedings, Am. Soc. Testing Mats., Vol. 30, Part II, p. 5¥0 (1930). 
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2-in. mortar specimens. It is very difficult to mold 2-in. specimens 
uniformly; hence, one would not expect a close agreement in their 
strength results. However, the data secured by Messrs. Gilkey and 
Murphy bear out the conclusions of the author. 

Since the presentation of the paper at the annual meeting, the 
Kansas Highway Commission, under the direction of Mr. H. Allen, 
Engineer of Materials, and Mr. W. E. Gibson, Engineer of Tests, has 
made an independent study of the modified cube method in con- 
junction with another research problem. 


TABLE I.—-RESULTs OF TESTS BY KANSAS STATE HIGHWAY COMMISSION. 


Compressive Strength, Ib. per sq. in. 


Prisms, Modified Cubes, C 
6 by 6 by 12 in. by in. 6 by 6 by bin. 


4220 


4134 
16.31 


* Omitted from the results since these values varied more than 2 X standard deviation from the average. 


One 6 by 6 by 36-in. beam, and two 6 by 12-in. cylinders were 
made out of the same batch of sand-gravel concrete. The specimens 
were tested as described in the paper with one exception: one portion 
of each beam was cut with a silicon carbide saw to form a cube 6 by 
6 by 6 in. which was capped and tested in compression. The data 
given in the accompanying Table I are the results of the above 
tests. The reader should keep in mind that comparison between 
specimens should be made for each batch as each batch varied slightly, 
depending upon the variables which were being studied. However, 
the author believes that there is not enough variation between batches 
to warrant the rejection of the data and that it is possible to compare 
the various methods of tests for several mixes and water-cement ratios. 

As shown in Table I, the 6 by 12-in. cylinder specimens had a 

_ wide range of deviation from the average, while the prisms had a much 
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smaller standard deviation. The deviation of the strengths of the 
modified cubes were slightly less than for the cylinder specimens, and 
more than the prism specimens. The 6 by 6 by 6-in. cube specimens 
had the greatest deviation. The question has always been raised 
when concrete specimens are cut with a silicon carbide saw, as to 
whether the heat from sawing or the fatigue of the concrete near the 
sawed surface alters the results when the specimens are tested in 
compression. Such questionable factors do not enter in when the 
specimens are tested as modified cubes. 

As a check on field specimens, several groups of field specimens 
were separated in the laboratory according to projects: one-half of 
the specimens selected at random were tested as prisms, the other 
half of the specimens were tested as modified cubes. A tabulation of 
the results on two projects studied is given below: 


FIELD SPECIMENS 


roject 

(each method) Average Standard Average 

‘ Strength, Deviation, Strength, 

Ib. per sq. in. per cent Ib. per sq. in. 


13 5270 | 13.5 5423 


Prisms Modified Cubes 


ll 5594 17.9 


It will be noted the standard deviation of the modified cube 
specimens are less than the standard deviation of the prisms. 
The Kansas Highway Commission at the present time is testing 


all of the broken flexure specimens sent in from the field (for com- — ra 
pression tests) as modified cubes, as outlined in this paper. The _ 
adoption of this method of test will mean a saving of several thousands ~ 


of dollars a year for the State of Kansas. 


Engineers who have made a study of the modified cube method _ q 


since the presentation of the paper, have found that most of the 


conclusions given in the paper were substantiated by their results — 


and their data gave better results than the author’s data which was 


based upon field and laboratory specimens combined. re Lavan 
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PERMEABILITY TESTS OF 8-IN. BRICK WALLETTES' 


L.A. Pater? anp D. A. Parsons? 

hile of 240 wallettes made with 10 aaa mortars and 5 makes 
of bricks were aged for 3 months and tested for permeability by keeping a con- 
stant level of water in a shallow reservoir (1 in. in depth) on the upper surface 
(face) of each test specimen. Each wallette was constructed with 16 bricks 
(both header and stretcher bricks) and the mortar joints were approximately 
4 in. in thickness. The most water-tight walls were obtained with smooth 
impervious bricks set dry and smooth porous bricks set wet (15 minutes total 
immersion). The degree of water-tightness of the wallettes was also dependent 
on the working properties of the mortars. 


During recent years, the problem of water transmission i aie 
masonry has received much consideration for various reasons, the 
more important of which are the following: 

1. The recent tendency in design for thinner walls and more 


freely exposed masonry, de de 

2. The increased speed of construction, and whem 

3. An increased diversity of building units and cementing 
materials with too little consideration for their mutual suitability. 

Although the majority of brick buildings have dry interiors, there 
have been numerous and annoying instances of water transmission. 

An earlier investigation of the causes and possible means of pre- 
vention of efflorescence on face-brick walls** had involved a study of 
the problem of water transmission. It was realized at the outset 
that there were two possible general causes of wet wall interiors. 


1 Publication approved by the Director of the National Bureau of Standards of the U. S. Depart- 
ment of Commerce. 

2 Research Associates for the Research Committee of the Mortars and Masonry Research Fellow- 
ship supported by the American Face Brick Assn., the National Lime Assn., the Portland Cement 
Assn., and a group of manufacturers of masonry cements. 

*L. A. Palmer, “Cause and Prevention of Kiln and Dry-House Scum and of Efflorescence on 
Face Brick Walls,” National Bureau of Standards Technologic Paper No. 370 (1928). 

‘Wet Walls and Efflorescence,” publication by the American Face Brick Assn., A.I.A. Pile 


No. 5m. 


Te 
° 
fe 
2) 
| 
4 
4 
4 
' 


420 


One of these is the matter of wrong design, faulty construction, poor 
workmanship and lack of proper maintenance. The other is the 
possibility of using an unsuitable combination of brick and mortar. 
It is the latter that has received considerabie laboratory study'**+5 
culminating in the present investigation. 

It is pertinent to review certain findings® relative to the effects of 
rates of absorption of bricks and “water-retaining capacities’*® of 
mortars on the extent of bond (adhesion) because of the probable 
bearing of the bond on the permeability of walls. The data indicated 
that it was particularly difficult under certain conditions to obtain a 
good extent of adhesion of mortar to brick. The data further indicated 
that, in the matter of getting a good extent of bond, rate of absorption 
of bricks and the water-retaining capacity of mortars were very im- 
portant considerations. 

In general, mortars of medium or high water-retaining capacity 
tended to give a better extent of bond, particularly with bricks of 
medium to high rates of absorption, than mortars deficient in this 
property. Also, bricks having rates of absorption not greater than 40 
g. of water per minute per 30 sq. in. of brick surface produced a better 
extent of bond with all mortars, whether of low, medium or high water- 
retaining capacity, than bricks of higher rates of absorption. 

The desirability of some practical test of walls for water-tightness 
was early recognized although there is considerable disagreement as 
to what really is a practical test and the procedure herein described 
is not suggested as the best example of practicality. 

The purpose of this study was to correlate those properties of 
bricks and mortars which control the bond, with the permeability of 
small test walls. Although this work was discontinued before a 
desirable number of tests could be made, the data, obtained for 240 
wallettes with five makes of brick and ten mortars, to indicate such 
a correlation. 


1 L. A. Palmer and J. V. Hall, Jr., “* Durability and Strength of Bond Between Mortar and Bricks,’’ 
National Bureau of Standards Journal of Research, Vol. 6, p. 473 (1931). 

*L. A. Palmer, “Volume Changes in Brick Masonry Materials,” National Bureau of Standards 
Journal of Research, Vol. 6, p. 1006 (1931). 

*L. A. Palmer, “ Water Penetration Through Brick Mortar Assemblages,” Journal, Clay Products 
Inst. of Am., Vol. 1, No. 1, p. 19 (1931). 

*L. A. Palmer and D. A. Parsons, “The Rate of Stiffening of Mortars on a Porous Base,” Rock 
Products, Vol. XXXV, No. 18, p. 18 (1932). 

* L. A. Palmer and D. A. Parsons, “ Properties of Mortars and Bricks and Their Relation to Bond,” 
Research Paper No. 683, National Bureau of Standards Journal of Research, Vol. 12, May, 1934. 

* Water-retaining capacity is the measurable resistance of a mortar to water loss when on a 
porous base. It is considered a measure of workability, and for the purpose of this paper the percentage 
of flow of the freshly mixed mortar on a flow table after one minute suction on a “standard” porous 
base is considered an index of water-retaining capacity. 
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a ABLE I.—Brick UsED IN MAKING WALLETTES FOR PERMEABILITY TESTS. 


“Stare 


Lay 


Stiff-mud, side cut. . . 


Stiff-mud, side cut...) 71.8 51.1 


@ Tests for absorption by partial immersion, flatside down in } in. of water for 1 min. 


TABLE IJ.—Mortars USED IN THE TEST. 


Proportions 
By Bulk Volume? By Weight* 
Cement] Lime | Sand |Cement| Lime 


0 3 1 0 


lime No. 1. 


No. 1 
lime No. 3 .. 


cal- 
Portland cement i 


@ Contained metallic stearate. 


Ta weight proportions were based onthe dry weigh of and and of che pat 
lime , the weight of lime was based on the t of Pa Fee at li6C. 

putty for 24 br. in an oven at about 115 C, q 


Brick Surface Texture 
j f 
No .1.....| Surface olay.....| Dry-press...........} 117.8 15 3.2 |Mechanically smooth on 
all sides. No cracks. 
No. 2.....|Shale...........| Stiff-mud, end cut...| 22.9 15 2.1 | Very rough on all sides 
| No. 3.....| Shale...........| Stiff-aud, side eut...] 10.4 not determined Moderately rough on flat a 
| 
No. 5.....| Fire clay........| 1.5 | not determined | Flat sides smoother than 
most stiff-mud bricks. 
| Ends and sides smooth 
and glassy. Nocracks, 
No. 6.....| Surface clay.....| Smooth for stiff-mud 
| 
| 
Mortar Description of — 
tion Used Materials Capacity 
cement*.........- } 1 4.62 | Medium 
| Bill...... Hydrauliclime......) 1 0 3 1 0 6.14 | Low 
BIV,.....] Masonry cement and hydrated 
| } Et 3 1 | | 4.48 | Low 
; B VI......| Masonry cement { | Modified natural Low to ir = 
cement*.......... } 0 8 1 0 5.09{ 
B XI......| Masonry cement | Modified natural 
C......] Lime No. 2..... {| Palomitle hydrated |} s | o 1 
XRa......] Portland eement { | High ealeium quick. 0.42 
No. 1 and I gray}; 1 1 6 1 |dry hy-| }6.88 |Medium 
XVb......| Portland cement { | Dolomiticquicklime. 0.95 ‘Acar ig 
No. 1 and{| Typleal gray port- 1 2 1 High 
land cement...... drate? 
ick 
XRe......| Portland cement calcium 1.27 
No. 1 and | “fos, 1 | 3 12 1 75| High 
cement. . drate® 
of the 
x 


MATERIALS 
Cementing Materials: 
The limes and cements selected for this work have been described.' 
The four limes (Nos. 1 to 4, inclusive), portland cement No. 1 and 
masonry cements Nos. 1, 3, 4, 6 and 11 of the listed cementing materials 
were selected as representative of fifty mortars studied. 


Sand: 


Potomac River sand was used in all tests, its screen analysis being 
as follows: 
Passing U.S. standardsieve No. 8 and retained on sieve No. 
Passing U.S. standard sieve No. 16 and retained on sieve No. 
Passing U.S. standard sieve No. 30 and retained on sieve No. 50, percent 
Passing U.S. standard sieve No. 50 and retained on sieve No. 100, per cent 
Passing U. S. standard sieve No. 


Brick: 
Five of the six types of brick previously described* were included 
in this study. The properties of these brick are described in Table I. 
Most of the individual bricks of No. 6 type were badly cracked. 
The cracks were deep, extending in some instances to the center. “Aye 
The weights per cubic foot of the sand and cementing materials — 
and the method followed in getting these data are published.* The 


amount of mixing water used with the mortars was that calculated _ 


(from previous data) as producing normal flow (100 to 110) on the 
flow table‘ A description of the 10 mortars used in this study is 
given in Table II. Limes Nos. 2 and 4 were dolomitic and Nos.1 | 


and 3 high calcium. Nos. 1 and 4 were pulverized quicklimes and re 


Nos. 2 and 3 were hydrates. why 
Making the Test Specimens: 


The design of the test wallette is illustrate by Fig. 1. . The joints, 
both vertical and horizontal, were approximately 3 in. thick. Every 


1 See Table I in paper by L. A. Palmer and D. A. Parsons, * The Rate of Stiffening of Mortars on — 
a Porous Base,” Rock Products, Vol. XXXV, No. 18, p. 18 (1932). 

2L. A. Palmer and D. A. Parsons, “Properties of Mortars and Bricks and Their Relation to Bond,” 
Research Paper No. 683, National Bureau of Standards Journal of Research, Vol. 12, May, 1934. 

3L. A. Palmer and D. A. Parsons, “The Rate of Stiffening of Mortars on a Porous Base,” Rock 
Products, Vol. XXXV, No. 18, p. 18 (1932). le 

* According to the method described in Section 21 (c) of the Tentative Specifications and Tests __ 
for Masonry Cement (A.S.T.M. Designation: C 91-32 T), Proceedings, Am. Soc. Testing Mats., 
Vol. 32, Part I, p. 698 (1932); also 1933 Book of A.S.T.M. Tentative Standards, p. ay oy ge 
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effort was made to have all joints full and flush with the wall. Work 
was done as rapidly as possible so as to get good contact between the 
highly porous bricks and mortars of low water-retaining capacity 
and to minimize loss of water by segregation in such mortars when 
remaining uncovered on impervious bricks. 

The procedure was one not usually followed by masons. Only 
an amount of mortar sufficient to bed a single brick was spread at one 
time, laying one brick at a time in a course of four bricks. Had the 
procedure been to spread mortar over the whole 4-brick course before 
laying the next, it would have been impossible to obtain adhesion 
between mortars of low water-retaining capacity and fast-absorbing 


em 


Fic. 1.—Test Wallette in the Position as Built. 
covered by water during the test. 


Bricks Nos. 3 and 5 were set dry in all cases. Bricks Nos. 1 and 
2 were set dry and also after having been wetted by total immersion 
in water for 15 min. Brick No. 6 was set dry and after total im- 
mersion for one-half minute. The number of wallettes with each 
of the bricks Nos. 1, 2 and 6 set dry was the same as the number 


made with these bricks wetted, being three in each case with each 


brick and mortar combination. There was a total of 240 wallettes. 


Curing Conditions: 


All test wallettes were made and stored in a damp, unheated — 


basement room, and tested when three months old. The temperature 
was never as low as freezing and except for the first month never above 
65 F. (18 C.). During the last two months of the aging period the 
temperature was usually within the limits, 35 to 50 F. (1.7 to 10 C.). 
This may have been unfavorable for the development of good strength | 
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transmission through brick walls can be explained on the basis of 
insufficient strength either in mortars or bricks. 


Permeability Tests: 

To make the test the wallette was so turned that the vertical 
face marked by the dashed line (Fig. 1) was uppermost and in a 
horizontal position, and elevated so that the bottom surface could be 
observed and the leakage collected for measurement. 

The dashed line indicates the position of a 13 by 7 by 11-in. strap 
iron frame sealed to the specimen by either paraffin or caulking 
compounds (paraffin being more suitable for rough-surfaced bricks). 


TABLE IIJ.—PERMEABILITY OF TEST WALLETTES. (ALL BRICK AND MorTAR 
COMBINATIONS.) 
Hach value te tho overage macknem sate to tho hell of water teanemitted 


® These values have been referred 
resistances of the freshly mixed mortars to 


3 


footnote 4 on 420) as approxim: indicative of the relative 


Water was maintained within the frame at a depth of approximately 
1 in. during the test. 

Leaks sometimes occurred through the sides and ends of the 
specimens but more often through the bottom (side opposite the 
dotted rectangle, Fig. 1). Those leaks above the middle joint of the 
specimen, in its position when tested, were checked with caulking 
compounds. Any other leaks were considered as a part of the result. 

The number of leaks, the elapsed time before they appeared, 
their location, and the amounts of water transmitted per minute 
were recorded. The duration of the test depended upon the rate of 
leakage. In a few instances water streamed through at such a rate 
that two or three liters were collected every two minutes. With 
other specimens, the rate was so slow that measurements were taken 
hourly. Usually measurements were taken for 5 and 10-min. intervals. 


Brick, No. 1 Brick No. 2 Brick | Brick Brick No. 6 
After No.3 | No.5 A 
1 Minute _ 
Suction on P Each 
Base,* | mil. per | mi. per | mil. per | ml. per Set, | ml. per 
& per cent min. min. min. min. min. 
ee 74 2.5 77.5 39.0 | 217.0 24.0 0.0 | 322.0 | 185.0 | 108.5 
De ceewnens 87 0.0 95.0 44.0 60.5 48.5 4.0 | 304.0 | 163.0 90.0 
i nenetiiainss 61 7.5 94.0 15.0 60.5 21.0 0.0 | 205.0 | 289.0 86.5 
etoeemeus 91 5.5 128.0 26.5 149.0 23.0 0.0 131.0 | 201.0 83.0 
/ Re 93 40.0 98.0 40.0 | 132.0 6.0 0.0 | 155.0 | 400.0 | 109.0 
ipmmnedes 75 177.0 | 386.0 43.0 90.0 27.0 0.0 | 259.0 | 241.0 153.0 
| TS 68 6.0 178.0 36.0 178.0 61.0 1.0 | 470.0 | 575.0 188.0 
SNE 41 10.0 | 317.0 97.0 | 192.0 33.5 0.0 | 537.0 | 710.0 | 237.0 
inc menos 48 13.0 626.0 138.0 150.0 5.5 0.0 | 976.0 | 759.0 | 333.5 
Pcbdudhwed 54 7.5 | 402.0 | 226.0 | 226.0 | 165.0 0.0 | 608.0 | 854.0 | 311.0 
Average for each brick... 27.0 | 240.0 70.5 | 146.0 41.5 0.5 | 397.0 | 438.0 
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RESULTS 
Rate of Water Penetration: 
It was observed, when water penetrated through the test wall, 


that the initial rate of penetration was sometimes greater and some- 
times less than the subsequent rate. The test was discontinued as 


No.6, Ory 


*~No. 6, Partially Wetted 


8 


© Smooth bricks, no cracks 
© Rough bricks, no cracks 
4 Smooth bricks, with cracks 


ro) 


ra) 


No.2, 
_-Wetted 


3, Ory 
-No |, Wetted 
‘No. 5, Dry 
20 40 60 80 
Brick Suction ,Water Absorbed Through | Flat Side in Imin ,g 


2.—Effect of Properties of Bricks on the Maximum Rate of Leakage. 
results were obtained with smooth and impervious bricks and also with smooth, = 
porous bricks when the latter were wetted before laying them. ent 
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soon as repeated measurements of collections of water indicated that 
the maximum rate had been determined, and any indication of a 
tendency to hold and not transmit water was checked by continuing 
the test over a period of from 6 to 7 hr. With wallettes built with 
porous bricks Nos. 1 _ 6 the initial sate was usually less a the 
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maximum and this may have been due to the fact that a part of the 
water was absorbed and retained by the bricks until they gradually 
became saturated. 

The data of Table III indicate that although the maximum rate 
fo water transmission varied both with the brick and mortar used, it 
was affected relatively more by the brick than by the mortar. The 


20 
40 60 80 100 


Flow of Mortar After Imin. Suction on 
Standard Porous Base, per cent S| 


Fic. 3. Curve Showing That the Maximum Rate of Tended 


to Be Highest with Mortars of Lowest Flow After Suction for a Minute on a — 
Standard Porous Base and Vice Versa. 


best record, that obtained with brick No. 5, smooth and very imper- 
vious, is of especial interest since it is a type of unit that has been 
widely associated with leaking buildings. Since it is incapable of | 

absorbing any appreciable amount of water, it is obvious that water 
entering through joints left unfilled by the mason in walls of this 
brick must either be absorbed by the more porous back-up materials, 
descend between the back of the wall and the furring, or else penetrate _ 
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into the interior of the building. However, the results obtained with 
this brick when the joints are well filled may be comparatively very 
satisfactory, as the data of Table III indicate. This is in good agree- 
‘ment with results obtained by others |? with this type of brick. 

Relatively good results (Table III) were obtained also with 
brick No. 1 set wet and with brick No. 3 set dry. Poorest results 
were obtained with brick No. 6. Specimens of this make of brick 
were usually badly cracked and it is believed that the poor results in 
this case were in a large measure due to this condition. In general, 
considering all of the bricks as set dry, the rate of leakage was directly 
proportional to the brick suction. 


TABLE IV.—AVERAGE MAXIMUM RATE OF WATER TRANSMISSION OBTAINED WITH 
DIFFERENT MORTARS AND ROUGH-SURFACED Brick No. 2 Set Wer (15 


Averace Maximum Rate or WATER 
nica TRANSMISSION THROUGH TEST WALLETTES 


ML. PER MIN. 


AVERAGES FOR3 SPECIMENS 


The averages for each brick, Table III are plotted in Fig. 2 
against the average brick suction, Table I. In Fig. 3 the data of the 
second column of Table III are plotted against those of the last 
column. It is seen that the average maximum rate of water trans- 
mission through the test wallettes decreased as the flow of the mortars 
(second column of Table ITI) increased. However the data of Table 
III show that this trend did not exist with brick No. 1 set wet and 
bricks Nos. 3 and 5 set dry. 

The flow after suction (indicative of water-retaining capacity) of 
a mortar may be a good index to its practical workability under the 
trowel. There are, however, other possible factors, one of which 
would be indicated by the extent to which a mortar tends to fill the 
small interstices on rough-textured brick surfaces, rather than “bridge 


across” such areas. For example, mortars C II and B VI were more 


1“ Impervious Brick Masonry,” publication by the Alton Brick Co., St. Louis, Mo. (1933). 
2“*Leaky Brick Walls and How to Prevent Them,” publication by the Louisville Cement Co., 
Louisville, Ky., January, 1931. 
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plastic or workable than their flow values aiter suction indicated and 
in Table IV it is seen that relatively good results were obtained with 
these mortars and rough-surfaced brick No. 2. The rate of water 


transmission through the test wallettes was highest with the harsh- 


working mortars, B III, B IV and XTd. 

Previous work! with these same 10 mortars indicated that the 
permeability of mortar specimens cast in metal molds, and aged for 
3 months varied almost directly as the water-retaining capacity of 
the freshly mixed mortars, the permeability of mortar XTd being 
the lowest. The relatively rapid passage of water through the test 


wallettes made with mortars B III, B IV and XTd was due to the 


‘Paste V.—Location anp NumBer or Recorpep Leaks. 


Number of Leaks With All 10 Mortars 
b 


Sl 


Bl 


& | 


prevalence of unbonded areas, evident from inspection of the broken 


It is likely that the number of leaks per wallette is a consideration 


of less importance than the actual quantity of water transmitted 


through it in unit time. Usually the number of leaks was relatively — il 


large when the rate of water transmission was relatively high. Some- 
times it was very difficult to determine the number, especially when 
water permeated header bricks of high absorption rate and dripped 


off their lower surfaces. In the latter case the water dropping from ‘ia 


one header brick was considered as one leak. | 
Most of the leaks were at the junctures of bricks and mortar 
joints and particularly at the junctures of vertical and bed joints 


1 L. A. Palmer and D. A. Parsons, “Properties of Mortars and Bricks and Their Relation to Bond,” 
Research Paper No. 683, National Bureau of Standards Journal of Research, Vol. 12, May, 1934. 
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(with reference to the position of the eer when made), as indi- 3 ‘ 


re 


Discussion as to what may be considered “‘normal” exposure neg 
of a wall to a wind-driven rain is beyond the purpose and scope of this 
paper. The opinion is offered that although the tests were much 
more severe than the conditions to which brick walls are normally 
subjected, they were more easily controlled and standardized than 
tests by hosing, and they also afforded data for comparative numerical _ 
values. 

An accurate interpretation of these data is not possible without —_ 
some means of proper comparison of the method of test with conditions 
obtaining in walls of buildings subjected to heavy, wind-driven rains. 
No attempt is made or proposed here to find such a means of com- __ 
parison. The method of test followed was an arbitrary one and pro- — 
vided comparable data with different brick and mortar combinations. _ 
It was proposed to subject the test wallettes to an exposure which 
could at least be controlled and standardized even though it would 
be more accelerated and severe than “‘normal wall exposure.” e 

Some may possibly consider that water-tightness in walls of 
buildings can be realized only by having conditions such that, were it _ 
possible to test the wall after the manner described herein, no water 
penetrates through the wall during an arbitrarily designated period ae : 
of time. Although it is chiefly a matter of judgment, the opinion is __ 
offered that owing to the severity of the tests and the fact that there | 
was no furring, plaster, etc., at the backs of the test wallettes, it is 
likely that the specimens which leaked only moderately would, for _ 
all practical purposes, be satisfactory from the standpoint of water- —__ 
tightness. It is obviously impracticable to designate an arbitrary 
limiting value in rate of water transmission and state that for all __ 
practical purposes a water-tight wall would be obtained if the rate __ 
was below this value. About the only reasonable assumption that can 
be made is that those properties of bricks and mortar which were 
apparently associated with relatively slow rates of water transmission —__ 
are desirable properties in any wall of brick masonry. These proper- _ 
ties for bricks were smoothness and evenness and a very lowrateof 
absorption when laid, the latter condition being obtained either by __ 
using a very dense, impervious brick or by wetting a porous one prior 
to laying it in a wall. In so far as mortars are concerned, the data 
indicate that high water-retaining capacity of the freshly mixed 
mortars diminished the rate of water transmission through the 
wallettes constructed of dry porous brick or rough-textured brick. oe 
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From the standpoint of bond strength alone a rough surface 
may be very desirable, but it is likely such a unit when used with 
mortars of poor workability may produce small unbonded areas 
which permit moisture to permeate between the mortar and brick 


surface. With more workable mortars, this condition is improved, 
as the data of Table IVindicate. 


SUMMARY AND CONCLUSIONS 


7 


‘s From the data, it is believed that the following conclusions are 
warranted: 


1. The relative water-tightness of the wallettes depended on the 
properties of the bricks and mortars, the most important being the 
water-retaining capacities of the mortars and the absorption rates of 
the bricks. 

2. In the tests as conducted, the water-tightness of the test 
wallettes was controlled more by the brick than by the mortar 
properties. 

It is believed that there is a reasonable doubt as to this being the 
case in walls of buildings wherein the joints are often only partially 
filled. When the joints are not completely filled with mortar, water 
is more apt to penetrate into the interior of the building if the bricks 
are very impervious than would be the case were the bricks porous. 
Also, the use of a workable mortar tends to increase the filling of 
vertical joints, thus in actual construction, mortar properties may be 
of more relative importance than the data of this paper indicate. 

3. With all joints well filled, the most water-tight wallettes, 
considering all mortars, were obtained with smooth, impervious bricks 
set dry and with smooth, porous bricks set wet. 

4. From the standpoint of water-tightness, cracks in bricks are 
very undesirable and accelerate the rate of water transmission through 
the wall. 

5. The wallettes made with porous bricks set dry were more 
water-tight with the mortars of high than with the mortars of low 
water-retaining capacity. It was evident from visual inspection of 
specimens broken after tests, that the extent of bond with porous 
bricks set dry increased as the water-retaining capacity of the mortars 
increased. 

6. With rough-surfaced bricks set wet, the wallettes made with 
the relatively workable mortars were more watertight than those 
made with the other mortars. 

7. Seventy-three per cent of the total number of leaks in the 240 
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test wallettes appeared at the junctures of the vertical and horizontal 
mortar joints. 

8. The rate of water transmission through the wallettes made 
of porous bricks increased as the bricks became saturated during the 
tests. A wall of saturated porous bricks is similar to one of impervious 
bricks in that neither wall retains the water that enters it. 

9. The rate of water transmission through the test wallettes was 
independent of the permeabilities of the mortars used. This was 
apparently due to the fact that in all cases the points most accessible 
to the entrance of water were at the junctures of bricks and mortars. 

10. The results of tests with brick No. 1 set wet are in good 
agreement with previous results obtained with a similar type (dry- 
press) of brick also set wet. The previously obtained data are pub- 
lished in Vol. 1, No. 1, September, 1931, issue of the Journal of the 
Clay Products Institute. 


RECOMMENDED PRACTICE 


or the benefit of users of unit masonry materials the following 
points are mentioned which should be of help in getting water-tight 
walls. 

1. All vertical joints should be well filled. 

2. To aid in the filling of vertical joints a workable mortar is very 
necessary. 

3. The consideration of next order of importance is to wet very 
rapidly absorbing bricks immediately before laying them. This 
procedure is of prime importance if the mortar lacks workability. 

4. The use of bricks that are cracked, have noticeable surface 
irregularities, are noticeably lacking in uniformity of shape and size, 
or are coated with dust, soot, etc., should be avoided. 

5. The mortar should have relatively low volume changes sub- 
sequent to hardening. If the extent of bond is poor, such volume 
changes may be very damaging and cause open cracks between the 
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Mr. C. C. Connor! (presented in written form).—The paper by 
Messrs. Palmer and Parsons together with their other valuable con- 
tributions to the subject of water penetration through brick masonry 
form an excellent background of fundamental knowledge of the prop- 
erties of brick and mortar. 

In addition to the conclusions given in this paper, the data 

Lae _ apparently furnish valuable indications regarding the variation in the 
Las * relative importance of certain factors known to affect the extent and 
durability of bond. A change in the value of one factor appears to 
Re ‘a a have been reflected by a change in the amount of influence exerted 
‘by another. Part of the data and the conclusions apparently are at 
variance with those in my paper “Resultant Separation Cracking 
’ Between Various Mortars and Brick in Existing Brick Structures.’ 
_ The measurements of rate of penetration and length of visible separa- 
_ tion cracks should have given fairly parallel indications and it should 
prove enlightening to compare these discordant results and conclu- 
sions. It is possible that some of the methods of test used by Messrs. 
Palmer and Parsons may have caused the differences. The evidence 
regarding the variations in influence of the different factors will also 
be examined. 
‘ In considering the data, two points concerning the manner in 
_ which the wallettes were built and stored should be kept clearly in 
mind: 

1. Mortar sufficient for one brick only was placed at a time, and 
the brick laid immediately upon it. 

2. The wallettes were stored indoors and not subjected to ordinary 
weather conditions,which protected them from the destructive effects 
of extremes in temperature, and wetting and drying. 

“ This procedure produced conditions materially different from 
_ those ordinarily obtaining in the field and may have influenced the 
2 results. 
- In order to compare the data in this paper with the field data 
iy presented in my paper on separation cracking, I have attempted to 
Classify the bricks tested by Messrs. Palmer and Parsons in the same 
_ divisions that were used in presenting the field data. Bricks Nos. 1 
and 2, set wet, and brick No. 5, set dry, can be safely classed as having 


1 New Jersey Bell Telephone Co., Newark, N. J. 


1 See p. 454. 


19 


| | 
— (432) 


DISCUSSION ON PERMEABILITY TESTS OF BRICK WALLETTES 433 


very low rates of absorption. Bricks Nos. 1 and 6, set dry, and brick 
No. 6, partially wetted, unquestionably have very high rates. Un- 
fortunately, there are insufficient data positively to identify bricks 
Nos. 2 and 3, set dry, with my field classifications. Very limited 
data, however, indicates the probability that brick No. 3 belongs in 
the low classification, and brick No. 2, in the high. 

It is indicated in this paper that the best results with all mortars 
were obtained with bricks having very low rates of absorption. This 
is at variance with the data obtained in the field. The time element 
in laying the brick for the wallettes appears to furnish the explanation 
for this difference. The placing of enough mortar for one brick 
only, and the immediate laying of the top brick, is much different 
from actual practice in the field, where the mortar is spread over four 
or five bricks at a time and the bricks for the next course then laid. 
In a previous investigation, Messrs. Palmer and Parsuns! obtained 
poor extent of bond with 5-brick test units where bricks wetted until 
they had very low rates of absorption were used with certain mortars 
having low water-retaining capacities. They concluded that this was 
likely caused by the fact that the water in such mortars tended to 
separate out from the solid material while it remained on the brick 
and prior to the pressing down of the next higher brick. The speed 
used in laying the bricks in the wallettes probably hindered this 
segregation and prevented the formation of a film of water at the bond 
plane where bricks of very low rates of absorption were used. In the 
field, ample time is allowed for the segregation of the water in most 
mortars, and the film thus formed is probably the major cause for the 
apparent tendency of very impervious bricks to increase the separation 
cracking with certain mortars. I am convinced that the discrepancy 
between the results obtained in the two investigations with such © 
brick is due solely to the manner in which the wallettes were 
constructed. 


I believe that the method used in building the wallettes tended 


to minimize the influence of the water-retaining capacity and the __ 


water-carrying capacity of the mortars with bricks having very low 
rates of absorption. The results obtained with brick No. 1, set wet, | 
and No. 5, set dry, indicate this as these properties apparently had 


little or no effect. The rates of penetration obtained with brick = = 


No. 2, set wet, apparently were influenced by some other factor. I 
feel that it would be very unsafe to conclude from the evidence pre- 


sented in this paper that good results could be expected in the field o : 


1 L. A. Palmer and D. A. Parsons, “Properties of Mortars and Bricks and Their Relation to Bond,” 
Research Paper No. 683, National Bureau of Standards Journal of Research, Vol. 12, May, 1934. d 
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from combinations of bricks of very low rates of absorption and 
mortars having low water-retaining capacities. I also feel that there 
is no dependable evidence that high water-retaining capacity mortars 
would give satisfactory results with such bricks, although improve- 
ment is theoretically indicated. 

The values with brick No. 2, set wet, were higher than with 
No. 1, set wet, which had a slightly higher rate of absorption. Obvi- 
ously the difference was not caused by the suction of the brick. The 
influence of the rough surface of brick No. 2, as indicated by Messrs. 
Palmer and Parsons, appears to be a logical explanation. This is 
in apparent contradiction of the results obtained in the field, but the 
contradiction is not necessarily real. The indications of the field data 

were that with the more plastic mortars studied, rough surfaced 
= produced less cracking than bricks having smooth surfaces. The 
rough surfaces possibly produced keys with the mortar and helped 
resist the destructive forces of differential volume change. The 
wallettes were protected from the extremes of volume change. 

Bricks Nos. 1 and 6, set dry, and No. 6, partially wetted, all of 
_ which had very high rates of absorption, gave extremely high rates of 
- penetration through the wallettes. It was with this class of brick 
that the water-retaining capacities of the mortars apparently exerted 
a predominating influence. This was indicated by the tremendous 
variation in values obtained, depending in general upon the water- 
retaining capacities of the mortars. 

The inclusion of these values for rates of penetration in an 
average for each mortar with all bricks so overwhelmed the values 
obtained with the bricks of very low, low and high rates of absorption, 
that the data from these latter bricks could have been absolutely 
contradictory, and the resultant averages would still have indicated 
the controlling influence of the water-retaining capacities of the 
‘mortars. These averages gave useful information but I feel they 
obscured another property of mortar because they were so heavily 
weighted by the results from a single classification of brick. There is 
hardly any room for doubt of the extreme importance of the water- 
retaining capacity of mortar, but there are indications that it and 
another property of mortar exert varying influences on the extent of 
bond and that the proportional influence of these properties changes 
with changing values for the rate of absorption of brick. 

In conclusion No. 1, of this paper, the capacity of a mortar to 
form an adequate bond layer has not been noted as being especially 
important. Voss! has demonstrated the existence of the bond layer 
Am. Soc. 
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and has indicated its importance and the probability that the forma- 
tion of the bond layer is promoted by considerable amounts of lime in 
mortars. The field data apparently confirmed these indications where 
bricks of low or moderate rates of absorption were used. Inasmuch as 
the early stiffening of a mortar apparently tends to prevent the forma- 
tion of the bond layer, its most evident influence would be looked for 
in combinations of the mortars studied with brick No. 3, set dry, 
which had a low rate of absorption. In these combinations, the 
shortness of time between the placing of the mortar and the setting of 
the brick probably prevented the formation of a film of water, but 
brick No. 3 had a rate of absorption sufficiently high to remove any 
film that might have formed and yet not high enough to cause a 
mortar of low water-retaining capacity to stiffen quickly. Unfortu- 
nately, there has been nothing published regarding the bond-layer- 
forming properties of the masonry cements included in this study. 
If the indications of Voss' and the field data are correct, however, 
masonry cement B IV has the property of forming an adequate bond 
layer because of its hydrated lime content. It has been demonstrated 
by Voss! that mortars XRa and XRb form adequate bond layers and, 
on the basis of lime content, XRc and CII should also have this 
property. Mortar XTd, however, has this property only in a very 
limited degree. 

In examining the data obtained with brick No. 3, it is evident 
that the mortars known to contain considerable amounts of lime 
generally produced low values, while mortar XTd produced the highest. 
The very low result produced by masonry cement B IV, in spite of 
its low water-retaining capacity, indicates the influence of some other 
property than noted in the conclusions, and the most probable explana- 
tion is its indicated capacity to produce a good bond layer. The 
value obtained from mortar C II was not in entire accordance with 
this explanation. The rates of penetration with brick No. 3, however, 
appear to be more in agreement with the indicated capacities of the 
mortars to form adequate bond layers where that can be judged, than 
with their water-retaining capacities. The field data partially confirm 
this since with bricks of low rates of absorption much better results 
were obtained from mortars containing large percentages of lime than 
from other mortars having virtually equal water-retaining capacities. 

The data in this paper apparently furnish additional ‘evidence 
concerning the range of the rate of absorption of bricks within which 
satisfactory results in the field might be expected. In a previous 
paper, Messrs. Palmer and Parsons? concluded that from the stand- 
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_ point of bond durability, and considering the mortars studied, best 
_ results may be obtained generally by keeping the rate of absorption 
of bricks below the value of 40 g. of water absorbed in one minute. 
_ They also concluded that maximum bond strengths were obtained 
_ with bricks having a rate of absorption of approximately 20 g. in one 
- minute, although this did not imply that the maximum extent of bond 
was so obtained. Concerning these conclusions, it is of interest to 
- compare the results of this investigation with brick No. 2, set wet, 
> and Nos. 2 and 3, set dry. The method of laying apparently would 
tend to reduce the rates of penetration with brick No. 2, set wet, 
_ more than the others, but in spite of this, better results were generally 
obtained with brick No. 3, set dry. Brick No. 2, set dry, produced 
higher penetration values than either of the other two. Its rate of 
absorption was 22.9 g. in one minute, which approaches the optimum 
rate previously given by Messrs. Palmer and Parsons! for strength of 
_ bond. As before stated, very limited data indicate the probability 
i that brick No. 2, set dry, belongs in the high class by rate of absorp- 
tion, which, in the field, apparently tended to increase the amount 
of separation cracking. The rough surface of this brick is recognized 
as an influence, but I feel the results obtained, combined with the field 
evidence, give indications that the absorption of 20 g. in one minute 
a is above the optimum rate if water penetration through masonry 
audi is the criterion. I believe also the evidence indicates that the 40 g. 
limit may be much too high for best results in the field. The field 
data definitely indicate the danger of an extremely low rate of absorp- 
tion. It should be noted that both the optimum rate of absorption 
and the limits given for best results as stated by Messrs. Palmer and 
Parsons' were obtained with masonry units where the bricks were 
laid with a short time interval between the laying of the mortar and 
the brick and with unusual pressure. It is certainly conceivable that 
these test practices produced results different from those obtained 
in the field with brick laid in the ordinary manner. 

It should be recognized that the data in this paper are limited 
in amount. The evident inconsistencies apparent with any inter- 
pretation may be explainable on the basis of the effect of abnormal 
variations in a very limited number of tests. It is also possible, how- 
ever, that the inconsistencies are a result of one or more variable 
influences which have not yet been discovered or fully evaluated. 
It is doubtful if the influence of variations in the pressure used in 
laying brick and the variations in brick masonry materials have been 
fully comprehended. 
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I believe that the rates of penetration obtained by Messrs. Palmer 
and Parsons, when analyzed, do not contradict the indications of 
my own field data regarding the selection of materials. It is my 
opinion that the combination of these data with the results of other 
investigations indicate that to give the greatest assurance of moisture- 
proof brick walls the brick should have a low to moderate rate of 
absorption, probably somewhere between 5 and 20 g. absorbed in one 
minute, and the mortar should have a high water-retaining capacity 
and the capacity to form an adequate bond layer. 

Mr. CLoyp M. CHapman.'—I should like to ask the authors 
whether there was any difference between the technique of laying 
the brick in the wallettes and the usual practice followed in the field. 
Ordinarily a mason deposits a ridge of mortar along the center line 
of two or three brick, presses the next course down on this ridge of 
mortar until a portion squeezes out at the sides. In laying the 
wallettes I understand the mortar was applied to one brick at a time. 
Was this mortar laid as a ridge in the middle of the brick and squeezed 
down by the superimposed brick, or was it spread on and flattened by 
the trowel before laying on the next brick? Depositing mortar in a 
ridge along the middle of the brick and squeezing it down with the 
brick being laid will result in fewer air pockets than when a part of the 
spreading is done with the trowel. The extent of air pockets may be 
quite significant. 

Air pockets are more likely to occur on top of the mortar than 
under it, and if air pockets account for some of the loss of contact or 
bond area, the technique of laying and its possible effect on air pocket 
formation and on bond area should be carefully studied. 

Mr. J. H. MaLton.*—There is one point which I think should be 
brought out in connection with the paper by Messrs. Palmer and 
Parsons. In Mr. Palmer’s paper on “The Rate of Stiffening of Mortars 
on a Porous Base,” appearing in the September 10, 1932, issue of 
Rock Products, he showed that (1) mortars in which the cementing 
material is portland cement without other material have the lowest 
water-retaining capacity; (2) mortars in which the cementing material 
is quicklime (slaked for a period of one week before use) and mortars 
in which the cementing materials are masonry cements made from 
natural cements and modified by the addition of stearates at the 
factory have the highest water-retaining capacity; (3) mortars in 
which the cementing material is hydrated lime, not soaked before 
mixing, have almost as low water-retaining capacity as mortars made 
with portland cement alone; and (4) mortars in which the cementing 


1 Consulting Engineer, New York City. a oo 
Louisville Cement Co., Louisville, Ky. 
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material is hydrated lime, soaked 24 hours before mixing, have higher 
water-retaining capacity than mortars made with hydrated lime not 
soaked. Now, in the wallettes described in the present paper, all 
the hydrated lime used in the mortar was soaked before mixing. The 
mortars made with portland cement and hydrated lime mixtures 
would have had considerably lower water-retaining capacity if the 
hydrate had not been soaked before mixing. 

The data in Table III of the present paper indicate that the brick 
has a great deal more to do with water penetration than does the 

mortar. This point should not be overlooked. 

Although, with very careful bricklaying, the author was able to 
secure a good bond with impervious brick, it would seem wise in actual 
construction to avoid using a highly impervious brick throughout the 
wall. If the wall is built entirely with brick of low absorption, any 
water that enters through cracks is apt to go right on through the wall. 
But if the brick has a certain amount of absorption it will hold back 
the water and later, when the sun hits the face of the wall, the moisture 
will evaporate out again, almost as though the wall were breathing. 
Everything considered, it seems wise to avoid brick of extremely low 
as well as brick of extremely high absorption. 

Mr. H. F. GoNNERMAN! (presented in written form).—Messrs. 
Palmer and Parson’s paper reports results of tests on a very con- 
troversial subject. The results presented are of such a nature as to 
lead to differences in interpretation, particularly as regards what por- 
tions of the results should receive the most emphasis. It is hoped that 
the publication of these data and the discussion which they develop 
_ will lead to a better understanding of the many variables involved and 
thus result in benefit to the users of masonry materials. 

The results as reported in this paper are somewhat at variance 
with Mr. Palmer’s previous paper “Water Penetration Through Brick 
Mortar Assemblages,’ published in September, 1931, both as regards 
the method used in obtaining quantitative results and the conclusions. 

Both in the present paper and in the major series of tests reported 
in Research Paper No. 683 of the National Bureau of Standards,’ the 
authors have placed considerable emphasis on the mortar property 
“water-retaining capacity” and the “extent of bond” between the 
mortar and the brick. Water-retaining capacity is a newly emphasized 
property based on tests conducted by the authors as part of this 
general investigation. To it they have ascribed considerable im- 


1 Manager, Research Laboratory, Portland Cement Assn., Chicago, Ill. 
, 1L. A. Palmer, “ Water Penetration Through Brick Mortar Assemblages,” Journal, Clay Products 
Inst. of Am., Vol. I, No. 1, p. 19 (1931). 
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portance, not only as regards its effect on water penetration but also 
as regards its effect on extent of bond between the mortar and the 
bricks and as a measure of mortar workability. 

Based on a study of the tests reported by the authors in the 
various papers they have presented on the investigation, it is believed 
that the importance of this property and its effect on the desirable 


oO 
oO 


La 


= 
Oo 
oO 


+ 


i 


i 


Permeability of Brick Wallettes, mi. per min. 
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Fic. 1.—Relation Between Permeability and Water-Retaining Capacity of 
Mortar. Brick No. 1 set wet and dry. : 
Data from Table III of Palmer and Parsons paper. ; 


properties of a brick assembly has been over-emphasized. The 
desirable properties of brick work may be briefly stated as water- 
tightness, strength, both in compression and flexure, and a strong, 
durable bond which is a necessary corollary to the attainment of the 

other two properties. 
The authors’ conclusion regarding water-tightness states that 
water-retaining capacity was the most important mortar property 
In the text of the paper, however, it is 
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Data from Table III of Palmer and Parsons paper. 


Data from Table III of Palmer and Parsons paper. 
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Two of the conditions studied involved the use of badly cracked brick 
(brick No. 6), set both wet and dry, and the excessive leakage obtained 
with all mortars was ascribed to the cracks in the brick. The omission 
of these two conditions reduces to six the number of conditions where 
mortar properties may be a governing factor. According to the 
authors, then, half of these six conditions are not in accord with their 
conclusions. The accompanying Figs. 1, 2 and 3 show the relation- 
ships, for these six individual conditions, between the permeability 
and the water-retaining capacity of the mortars used. 

The plotted points in Fig. 1 show the relationship for wallettes 
constructed with brick No. 1 set wet and dry. The general trend of 
the curve for this brick set wet indicates that the permeability de- 
creased slightly as the water-retaining capacity increased. However, 
the two mortars with the highest water-retaining capacity are not 
superior to mortars having low water-retaining capacity. The curve 
for brick No. 1 set dry indicates that after a water-retaining capacity 
of about 60 is reached, there was no decrease in permeability with 
increase in the water-retaining capacity of the mortar. This figure 
does bring out, however, the great reduction in permeability that can 
be obtained by the simple and common practice of wetting absorbent 
brick prior to placing in the wall. 

Figure 2 shows the relation between the permeability of wallettes 
built with brick No. 2 set wet and dry. The plotted points for this 
brick set wet indicate that after a water-retaining capacity of about 
60 is reached there is a trend toward an increased permeability with 
increase in water-retaining capacity of the mortar. In the case of 
brick No. 2 set dry the plotted points do not indicate a satisfactory 
correlation between water-retaining capacity and permeability to war- 
rant definite conclusions. This figure, however, again emphasizes the 
desirability of wetting absorbent brick before placing in the wall in 
order to obtain water-tightness. Wetting produced a reduction in the 
permeability for all but one of the mortars used with this brick. 

In Fig. 3 are plotted relationships between permeability and water- 
retaining capacity of mortars using bricks Nos. 3 and 5 set dry. In 
this case there is no correlation between the water-retaining capacity 
and permeability for either of the test conditions. 

From the relationships brought out in Figs. 1, 2 and 3 it appears 
that the authors’ conclusions are not generally true for five of the six 
conditions studied in so far as they pertain to the influence of water- 
retaining capacity of mortar on water transmission through brick 
assemblages. On the other hand, by wetting absorbent brick a marked 
in was effected. 
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It is of interest also to note the effect water-retaining capacity 
had on bond durability. The authors refer to water-retaining capacity 
of mortar as influencing the “extent of bond.” They considered 
extent of bond as the bonded area. This was estimated from visual 
inspection of broken specimens. This procedure apparently ignores 
the several physical measures of extent of bond which were available 
from the data. These were: 

1. Strength of bond between two-brick assemblies after 1 year’s 
wetting and drying cycles. ; 


« 
TABLE I.—MorTAR PROPERTIES AND BonD DURABILITY. 


Standards Research Paper No. 683, May, 1934. 
Standards Research Paper No. 683, May, 1934. %y 


‘ Column 4 a composite percentage of columns /, ? and 3. al 
Bond Durability of Brick and Mortar Specimens (all Bricks) 
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2. Durability of bond after 35 cycles of freezing and thawing 
extending over a 1-yr. period. 

3. Flexural strength of brick beams at age of 1 year which had 
been subjected to a number of wetting and drying cycles. 

The authors’ data on these three properties, as taken from Re- 
search Paper No. 683, are assembled in the accompanying Table I. 
order to obtain a numerical bond durability, the values 
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for strength of bond, column 1, resistance to freezing and cis 

column 2, and transverse strength of brick beams,column3,of TableI =~ 
for the individual mortars, were expressed as a percentage of the cor- 
responding values for the mortar showing the best performance in 

each of the three columns. The average of these percentages for each __ 
mortar is shown in column 4. These averages are used asa numerical __ 
measure of bond durability. 
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Fic. 4.—Relation Between Water-Retaining Capacity of Mortar and 
Bond Durability. 
Data from National Bureau of Standards Research Paper No. 683, May, 1934. 


On this basis, mortar XTd is rated as 100 per cent in strength 
of bond, 100 per cent in resistance to disruption of bond in 35 cycles 
in freezing and thawing, and 100 per cent in average transverse 
strength of brick beams at one year. Therefore, it had the highest 
bond durability rating of any of the 15 mortars studied. The 
ranking of the other mortars in res pect to bond durability is shown 
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in column 5. It will be seen that mortar Al ranks second, and 
that XVa and XRa, the two 1:1:6 mortars, rank third and fourth 
respectively in bond durability. At the botton of Table I are average 
values for the five mortars having the lowest and the five mortars 
having the highest water-retaining capacities. It will be seen that 
in each instance the strength of bond, resistance to bond disruption in 
freezing and thawing and the transverse strength of brick beams made 
with the five mortars having the lowest water-retaining capacities is 
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Fic. 5.—Relation Between Compressive and Flexural Strength of Mortar and Bond 
Data from National Bureau of Standards Research Paper No. 683, May, 1934. 


two and one-half to three times that of the corresponding values for 
specimens made with the five mortars having the highest water- 
retaining capacity. 

The accompanying Fig. 4 shows the relation between the water- 
retaining capacity of mortar and bond durability. There appears to 
be no correlation between these two properties, but the general trend 
of the points indicates that as the water-retaining capacity of mortar 
decreases the bond durability increases. 

In this connection it is also of interest to note the relationship 
: existing between bond durability and the compressive strength of the 
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mortar as expressed in the accompanying Fig. 5. The curve drawn © 
through the plotted points indicates quite definitely that as the com- __ 
pressive strength of the mortar increases the bond durability also - 
increases. That flexural strength of the mortar had a similar effect 

on bond durability as compressive strength is also apparent from a 


Fig. 5. As the flexural strength of the mortar increases, bond durability fs 
also increases. 


The mortars studied which had high water-retaining capacities Bs 
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Fic. 6.—Relation Between Bond Durability and Volume Change of Mortar. 
Data from National Bureau of Standards Research Paper No. 683, May, 1934. 
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when applied to brick assemblies had low bond strength, poor resist- 
ance to freezing and thawing, and medium to low transverse strength © 
in brick beams. The accompanying Fig. 6 shows the relation between — 
mortar shrinkage during early hardening and bond durability. It 
will be noted that as the shrinkage during early hardening i seienedal 
the bond durability decreases. pi 
The effect of low volume change subsequent to hardening, 
another mortar property associated with high water-retaining capacity, 
is also shown on this figure. The curve for volume change subsequent 
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to hardening of the mortar (the maximum value being less than 10 
per cent of the maximum value during early hardening) shows that as 

volume change increases, the bond durability also increases. Un- 
_ doubtedly this fact is due to other mortar properties associated with 
_ volume change subsequent to hardening, but for the scope of these 
tests high volume change subsequent to hardening cannot be said to be 
detrimental to bond durability. 

It is believed that these figures bring out in a striking manner the 
relatively unimportant influence of the water-retaining capacity of a 
mortar on the attainment of a strong, durable bond and a maximum 
degree of water-tightness in masonry construction. 

Mr. A. T. Matmen' (by letter)—Messrs. Palmer and Parsons 
state on page 420 of their paper that “The purpose of this study was 
to correlate those properties of bricks and mortars which control the 
bond, with the permeability of small test walls.’”’ They further state 
that the data obtained do indicate such a correlation. 

Every effort should be made to clarify the status and performance 
of all the materials involved in these tests. 

The tests clearly show the importance of water-retaining capacity, 
but I feel as does Mr. Gonnerman that the degree or amount of water- 
retaining capacity is over-emphasized. 

Mr. Gonnerman states that the curve for brick No. 1 set dry 
indicates that after a water-retaining capacity of about 60 is reached, 

_ there was no decrease in permeability with increase in the water- 
_ retaining capacity of the mortar, and that the plotted points for brick 
No. 2 set wet indicate that after a water-retaining capacity of about 60 
_ is reached, there is a trend toward an increased permeability with 
_ increase in water-retaining capacity of the mortar. I assume from 
Mr. Gonnerman’s remarks that he considers that there is a critical 
_ point in the water-retaining capacity of mortars, and that a mortar of 
too high water-retaining capacity acts the same as a mortar of very 
_ low water-retaining capacity. There must be some measure of truth 
in Mr. Gonnerman’s contention because the results in Table III of 
the paper clearly point to this conclusion. In Table III tests are 
reported on 8 conditions, though only 5 brick were used. Two of the 
_ conditions studied involved the use of badly cracked brick No. 6 set 
both wet and dry, and the excessive leakage obtained with all mortars 
ee wk was ascribed to the cracks in the brick. 
oe ae Now let us eliminate brick No. 6 set wet and set dry, reducing 
the number to 6 conditions or 6 tests. If the values added horizon- 
tally across the columns are then divided by 6 in order to secure the 
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average for the 6 conditions the average will show the following order 
respectively; which table is a rearrangement of Table III of the paper 
with brick No. 6 eliminated: 


Brick No. 1 


Son 


Sonn 

om 


8 
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It will be observed that mortar B VI with a flow of 61 is at the top 
of the list showing an average of only 33 :nl. of water transmission per 
minute for the 6 tests. 

Mortar XRc with a flow of 91 showed 55.3 ml. of water trans- 
mission per minute for the 6 tests. 

Mortar XVb with a flow of 93 showed 52.7 ml. of water trans- 
mission per minute for the 6 tests. 

Most certainly there must be some other condition besides “high”’ 
water-retaining capacity that enabled mortar B VI with a flow of 61 
to show up to such greater advantage than mortar XRc with a flow 
of 91 and mortar XVb with a flow of 93. 

If there was but a slight difference in the number of milliliters 
between mortars B VI, XRc and XVb the results could be attributed 
to variable conditions in the laboratory, but it is noted that 52.7 ml. 
is 60 per cent more water than 33 ml., and 55.3 ml. is 67 per cent more 
water than 33 ml. passing through the brick wallettes. This is certainly 
a wide difference in the permeability between mortars B VI on the 
one hand with a water-retaining capacity of 61, and mortars XRc 
and XVb with water-retaining capacities of 91 and 93 respectively. 

It therefore seems to me that although water-retaining capacity 
undoubtedly is an important factor, it would be inexpedient to over- 
emphasize its importance until definite tests, similar to these, prove 
otherwise. We ought to eliminate opinions and let the cold figures of 
a testing machine tell their own story, 
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Messrs. L. A. PALMER! AND D. A. Parsons! (authors’ closure by 
letter). —The readers will note in Table III that for brick No. 6 (badly 
cracked) the average rates of water transmission were highest for the 
group of mortars of low water-retaining capacity (mortars B III, B IV 
and XTd). The fact that water could penetrate through the cracks 
in the bricks did not annul the fact that it could also pass between 
bricks and mortar where there was no adhesion. The presence of 
cracks in bricks raised all values of course, but did not alter comparisons. 
There is therefore no reason for excluding brick No. 6 from con- 
sideration. 

In the accompanying Table II, the flows of the mortars after 
suction may be compared with the average maximum rates of water 


Tasie II.—TeENsiLe Bonp STRENGTH AND FLow oF Mortars AFTER 1 MIN. 
Suction aS RELATED TO WALL PERMEABILITY. ALL DaTA OBTAINED 
with Brick No. 6. 


Average Average Tensile Bond 
os Maximum Strength at 3 Months 
Alaa Flow After | Rate of Water 
roy ortar a Suetion on Both to 
es et Porous Base, Dry and Brick Set Brick Set 
per cent Dry, Wet, et 
, Ww Ib. per sq. in. | Ib. per sq. in. 
ml. per 
93 277.5 27.9 24.0 1.2 
91 166.0 21.2 19.3 1.1 
87 233.5 14.2 12.7 1.1 
75 250.0 34.3 32.6 1.1 
74 253.5 10.0 22.7 0.5 
68 522.5 8.4 19.0 0.4 
61 247.0 27.9 30.0 0.9 
54 731.0 16.1 67.3 0.2 
48 867.5 8.4 20.6 0.4 
41 623.5 8.8 35.4 0.3 


penetration through the test walls with brick No. 6 (averages of data 
of both columns 9 and 10, Table III of the paper) and the ratios, 
tensile bond strength with brick No. 6 set dry to tensile bond strength 
brick No. 6 set wet (15 minutes total immersion), computations of 
data given in supplement to National Bureau of Standards Research 
Paper No. 683. 

Very likely, the ratio, tensile bond strength with porous bricks 
laid dry to tensile bond strength with porous bricks laid wet, is a better 
index of water-retaining capacity of mortars than the flowafter suction : 
on a porous base. On the basis of this ratio mortar B VI had a a 
retaining capacity (ratio 0.9) comparable to that of mortars XRc all f 


B XI (ratio 1.1). A great deal may be said in criticism of the flow _ 


3 Research Associates for the Research Committee of the Mortars and Masonry Research Fellow- 
ship supported by the American Face Brick Assn., the National Lime Assn., the Portland Cement 
Assn., and a group of manufacturers of masonry cements. 
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after suction on a porous base as a measure of water-retaining capacity 
and criticism of the method of measuring this property is more to the 
point than criticism of the importance assigned to the property. This 
is with reference to both Mr. Malmed’s and Mr. Gonnerman’s com- 
ments. The value, flow of 60 per cent after 1 minute suction, may be 
taken too seriously if it is not realized that the authors had to devise 
their own approximate measure of water-retaining capacity and that 
the method has by no means been perfected. 

In the accompanying Table II, with the exception of mortar B I, 
which was no doubt over stearated and somewhat erratic generally, 
the correlation between relatively high values in the last column and 
low values in the third are fairly good. The same applies to the data 
obtained with porous brick No. 1. 

As to extent of bond, it is obvious that when the tensile bond 
strength at 3 months with portland-cement mortar, XTd, was only 
16.1 lb. per sq. in. (Table II) that the distribution of adhesion was 
very poor. ‘The low ratios in the last column, Table I above, were 
due to poor extent of bond. Such values are good physical measures 
of this condition. 

The data presented in the paper, “Water Penetration Through 
Brick-Mortar Assemblages,” by L.A. Palmer, published in the Septem- 
ber, 1931, issue of the Journal of the Clay Products Institute, should be 
compared with those data obtained with brick No. 1 (set wet) in the 
present article. This comparison can be made wherein conditions of 
tests were very similar in the two studies, and the agreement is good. 
In all other cases, the conditions of tests presented in the present paper 
are very different from those described in the previous paper published 
in 1931 in the Journal of the Clay Products Institute, and compari- 
sons between the two sets of data cannot be made. 

In the present paper there is no attempt to relate water-tightness 
of masonry to bond durability in laboratory freezing and thawing 
tests, compressive strength of masonry, etc. The work might well be 
extended so that any relationship between such properties and wall 
permeability may be set forth. It is known, however, that masonry, 
rather weak in compression, has remained water-tight and that there 
have been leaky walls with bricks and mortars of very high strength. 
In fact Mr. Connor’s data’ indicate that with mortars of outstanding 
strength there tends to be a maximum of separation cracks between 
units and mortar. 

If the rate of absorption of the bricks is not reduced by wetting, 
then a mortar of is desirable, as data 
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of the accompanying Table Il indicate. Furthermore, poorly workable 
mortars tend to undergo segregation when placed on a saturated or 
impervious unit. This segregation tends to interfere with getting 
good bond distribution. That it may not have affected the data 
presented in the present paper may have been due to the fact that 
the procedure followed in making the specimens was such as to limit 
the time during which segregation could occur. In National Bureau of 
Standards Research Paper No. 683' (Table 13) it may be noted that in 
some cases low and even zero values for strength of masonry beams in 
flexure were obtained with dense cement mortars of high strength. It 
is pointed out in that paper that this condition was due to segregation 
in the mortar followed by volume changes in the mortar subsequent 
to its hardening. 

Mortars of low water-retaining capacity are mortars of poor 
workability. According to Warren E. Emley’s statement in National 
Bureau of Standards Technologic Paper No. 169: “The ability to 
retain water, while the most important, is not the only factor governing 
plasticity.” Being the most important factor controlling plasticity, 
the two properties must, however, be closely related. If water-retain- 
ing capacity is not highly necessary, then neither is workability or 
plasticity. 

Mr. Gonnerman’s Figs. 1, 2 and 3 show that the maximum rates 
of water transmission were obtained with mortars of low-water- 
retaining capacity. No more than this has been stated by the authors. 

The last paragraph of Mr. Connor’s discussion refers to the 
importance of the properties, water-retaining capacity of mortars and 
absorption rate of bricks and indicates that the data in the present 
paper and his own observations are in general agreement with respect 
to these properties. 

It has been the opinion of some that mortar resistance to labora- 
tory freezing and thawing is related to water-tightness of unit masonry. 
The present paper is, however, not concerned with assumptions. The 
authors obtained no data indicating such a relationship. Possibly 
Mr. Gonnerman assumes that water-tightness is directly dependent 
on bond durability as determined by laboratory freezing and thawing 
if his Table I has any direct bearing on the subject. In the light of 
present knowledge there is no good basis for such an assumption. 
Two factors control the resistance to frost in finished unit masonry 
structures. These are: the extent to which the wall becomes saturated 
during its life history and the frost resistance of the building materials, 
units and mortars. Laboratory freezing-and-thawing tests eliminate 
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the first factor, which is actually more important than the second. 
In actual buildings, frost resistance of materials that are so well 
bonded together that the wall remains comparatively dry is, for the 
most part, superfluous. Frost resistance of materials in a wall that 
is frequently saturated again and again is useless and of small comfort 
to the occupant of the building. The condition, damp interiors, 
is more troublesome than the slow disintegration of the materials 
by frost. Furthermore, if the exposure of the wall that admits water 
freely is abnormal, disintegration is inevitable, regardless of frost 
resistance of materials. Frost resistance can hardly compensate 
for the condition, frequent and excessive saturation of the wall. 
In freely exposed places, parapet and retaining walls, etc., frost re- 
sistance of materials is relatively of greater importance than in the 
bulk of buildings generally. 

It must be also borne in mind that in the laboratory study of bond 
durability, all porous bricks were wetted when laid. With bricks 
laid dry the results would have been far different than those 
recorded. 

According to H. Kreuger and the British Building Research 
Station, buildings from two to five centuries old, constructed with 
mortar and stone and brick of those days have weathered well in the 
climates of Sweden and England. This could not have happened 
had the walls been excessively saturated again and again. 

The flexural data plotted in Mr. Gonnerman’s Fig. 5 should be 
compared with the data for flexural strength of brick beams in Table 13 
of National Bureau of Standards Research Paper No. 683. We are 
more concerned with the flexural strength of masonry than with the 
flexural strength of mortar per se. The bond between brick and 
mortar is the weakest thing in most modern masonry. The strength of 
brick beams in flexure at three months obtained with 1 lime: 1 portland 
cement:6 sand mortars was greater than that obtained with the 
portland-cement mortars in the case of bricks Nos. 1, 3, 5 and 6. 
Bricks Nos. 1 and 6 (porous) were laid wet in these beam tests. Bricks 
Nos. 3 and 5 were of low absorption and required no wetting. These 
were 4 of the total of 6 bricks studied. The transverse strength of 
the 1:1:6 mortar specimens was however only about one-third that of 
the portland-cement mortars. The reason that the mortar three times 
as strong did not produce a beam of corresponding strength was due 
to a poor bond. The mortars here referred to are among those listed 
in Table I of Mr. Gonnerman’s discussion. It is difficult to see any 
possible bearing of the plot shown in Mr. Gonnerman’s Fig. 5 on the 
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to wall permeability. In the publication by the Alton Brick Co., 
“Impervious Brick Masonry” (1931), on pages 67 and following it 
is shown that the flexural strength of brick masonry was greater 
with 1:1:6 than with portland-cement mortars of higher strength. 

As the strength of bond is obviously related to the strength of 
mortar for the particular conditions chosen by Mr. Gonnerman, it is 
not surprising that Mr. Gonnerman’s “numerical measure of bond 
durability,” being to a major degree a function of strength of bond, 
gives good correlation with strength of mortar. 

Those mortar properties which contribute to good bond distribu- 
tion and water-tightness of masonry are usually not associated with 
resistance to laboratory freezing-and-thawing tests. This refers to 
Mr. Gonnerman’s Fig. 4. However, it is again emphasized that an 
excessive amount of water should not enter the wall in the first place. 
In the laboratory freezing-and-thawing tests wherein frozen speci- 
mens were thawed by immersion in water, the fact that the masonry 
assemblage may have had integrity was eliminated from considera- 
tion. The same assemblage, as a part of a wall, would not ordinarily 
have become saturated were the bond intact, and for this reason would 
have composed frost-resistant masonry. In the laboratory tests, 
water was forced into the specimens despite any natural resistance to 
penetration which they may have evidenced in a wall. The pro- 
cedure of immersing brick masonry in a tank of water is seldom if 
ever paralleled in actual construction. Such tests are fair enough to 
hydraulic cements, admirably adapted for the construction of dams 
and reservoirs, materials which develop much of their ultimate strength 
in a relatively short time, and manifestly unfair to many natural 
cements and limes which develop strength and as a consequence 
greater frost resistance more slowly. When it is shown that mortars 
in most walls are usually saturated and that the water so saturating 
them is alternately frozen and thawed as many as 35 times during 
the first year of the life of the building, then laboratory freezing-and- 
thawing tests will have some practical meaning. However, if that 
is ever shown, no one will be able to understand how there can be 
left standing any buildings over 10 years old (without regard to 
buildings centuries old, constructed with soft bricks and lime mortar 
and which have weathered well). 

Mr. Malmed, in stressing the importance of the difference between 
an average of 33 ml. with B VI and 52.7 ml. with mortar XRc, quite 
overlooks the fact that differences even of this magnitude could 
easily enough be due to variations in the different individual bricks 
laid in the different assemblages. As previously shown, in Table II 
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of this closure, there is no point to eliminating brick No. 6 from con- 
sideration. One should not consider that classical measurements are 
possible in a large number of tests in this type of work. The methods 
of control are not so precise as to warrant such an impression. Also 
the number of tests (3) with each brick and mortar combination 
was small. 

The criticism of Mr. Connor is very much to the point and is 
appreciated. He apparently realized the difficulties involved in 
duplicating field conditions in the laboratory. 

Messrs. Mallon, Gonnerman and Connor have rightfully empha- 
sized the importance of a low rate of absorption of the bricks at the 
time of laying. The test results show that, irrespective of the prop- 
erties of the mortar used, the leakage of the specimens was less when 
bricks of moderate or high suction were wetted before laying than 
when they were set dry. 

Answering Mr. Chapman’s question, the mortar was spread over 
the surface of the brick and not ridged up. In the case of the highly 
porous brick set dry, there were depressions which may be called 
pockets, caused by rapid loss of water to the brick. In the case of 
the wetter bricks and bricks Nos. 3 and 5 of low suction, there was 
not to the best of our knowledge any appreciable occurrence of air 
or water pockets. Vertical joints were filled by forcing mortar down 
both by the tip and edge of the pointing trowel. 

It is well in this connection to call attention to the similarity of 
the results herein described and those described by others. On 
page 58 of the 1932 report of the British Building Research Board, 
there occurs this statement with reference to permeability tests with 
brick walls: 

“In all sections penetration first occurred in almost every case, 
at the bottom of the vertical joints.” 

This is in good agreement with the data recorded in Table V 
of the paper, despite possible wide differences in the technique of 
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RESULTANT SEPARATION CRACKING BETWEEN 
VARIOUS MORTARS AND BRICK IN EXISTING | 
BRICK STRUCTURES 


The amount of separation cracking occurring between brick and mortar 


appears to be of prime importance. This type of cracking was studied on 38 
existing buildings to determine to what extent it appeared on the surface of 
brickwork where the workmanship was good, and whether there was any 
relation between the amount of separation cracking and the kinds of material 
used. The study included 7 different mortars and 36 different makes of brick. 
The amount of visible separation cracking in brick panels at each building was 
measured and was found to vary between 2.5 per cent and 68.3 per cent, with 
an average of 31.1 per cent. It was indicated that the mortar mix, the rate of 
absorption of the brick, and the texture of the brick surface all influenced the 
results. There were no definite indications that the cracking was affected by 
the raw material used in the manufacture of the brick. The importance of 
proper combinations of brick and mortar was indicated, since in all instances 
where the cracking was below 10 per cent it was with combinations of mortars 
having a high lime content and brick of a low or moderate rate of absorption. 

The data obtained, when combined with facts developed by other investi- 
gators, appear to indicate that there are certain properties of brick and mortar 
which must occur in combination to produce a durable bond. The necessary 
types of brick and mortar are available to form combinations that fulfill the 
indicated requirements and give promise of producing brickwork with a very 
low percentage of cracking, if the workmanship is of good quality. = = 


INTRODUCTION 
Most investigators are agreed that cracks are a major cause of 
water penetration through masonry.***5 Experience in remedial 
waterproofing work has indicated that separation cracks between 
brick and mortar which form at the exposed surface of walls, is 
especially detrimental. Palmer and Hall,* Voss,5 Anderegg,? and 


1 New Jersey Bell Telephone Co., Newark, N. J. 

2 PF. O. Anderegg, “‘ Water-Tight Masonry,” The Architectural Record, Vol. 70, No. 3, p. 202 (1931). 

+L. A. Palmer, “Water Penetration Through Brick-Mortar Assemblages,”” Journal, Clay Products 
Inst., Vol. 1, p. 19 (1931). 

*L. B. Lent, “Exterior Wall Construction,” General Building Contractor, February, 1932, p. 35. 

*W. C. Voss, “Permeability of Brick Masonry Walls—an Hypothesis," Proceedings, Am. Soc. 
Testing Mats., Vol. 33, Part II, p. 670 (1933). 

*L. A. Palmer and J. V. Hall, “‘ Durability and Strength of Bond meets Brick and Mortar,"’ 
National Bureau of Standards Research Paper No. 290 (1931). ee ined 3. Pal 
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others, have pointed out that bond is influenced by the type of mate- ee 
rials used, and it would appear that the amount of visible separation _ 
cracks existing in brickwork would be an important measure of —— 
effective bond between the materials. In new construction it is’ 
highly desirable that the materials selected shall produce a minimum 
of separation cracking, and information regarding the amount that — 
occurs with various materials should serve as a practical guide. — 
Varying quality of workmanship undoubtedly influences the amount 
of such cracking, but if it is indicated that certain combinations 
consistently produce a minimum of cracking, in spite of unavoidable 
variations in workmanship, their use would appear desirable. 

The purpose of this study was to find answers to the following 
questions: 

1. To what extent does separation cracking occur in existing 
buildings, and does it vary greatly? 

2. What is the influence of various mortar mixes on cracking? 

3. Do various combinations of brick and mortar influence the 
amount of cracking? 

4. Does the surface texture of bricks exert an influence? mee 

5. Does the raw material used in the manufacture of brick afiect 
the cracking? 

6. Does the field evidence confirm the indications of laboratory 
investigations, or otherwise? 

7. Has the combined research of the various investigators 
advanced the knowledge regarding brick and mortar assemblages to 
a point where it is possible to advance a logical hypothesis covering 
the properties of those materials required for durable bond? 


The answers to these questions should aid greatly in the selection 
of materials with a view toward preventing the penetration water 


Separation Cracking—The term “separation cracking” or 
“cracking” as used in this paper refers to a condition of lack of 
adhesion between brick and mortar at the exposed surface of brick- 
work, without regard for the cause. 

High-Cement Mortar.—Used in this paper to designate mortars 
having a lime content of less than 50 per cent of the cement by volume. 

High- Lime Mortar. —Used in this paper to designate mortars 
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MATERIALS 

_ The mortar mixes in the buildings studied contained many 
varying makes of lime and cement. Both, however, were always 
selected from standard makes of reputable manufacturers. All 
cement was portland except in one case where a slag cement was used. 


TABLE [.—Types oF Brick STUDIED AND THEIR CLASSIFICATION BY RATE OF 
ABSORPTION. 


Rate of Absorption, ml. absorbed in 2 min. 
Surface Number 
Brick RawMaterial | Texture on | of 3] 
Flat Sides Tests |,3 &° 2 | Maxi- | Mini 

3 one ... | 0.01 | 0.005 
4 | 0.015 | 0.01 
4 ... | 0.015 | 0.01 
4 0.02 | 0.02 | 0.015 
4 0.03 ade | 0.08 | 0.03 
4 | 0.08 | 0.04 
4 | 0.06 | 0.06 
4 | 0.08 | 0.04 
2 0.08 | .... | .... | ..-. | 0.09 | 0.08 
4 | 0.09 | 0.07 
4 0.08 | 0.20 | 0.01 
7 0.14 cos | cose 
4 0.20; .... |] .... | 0.25 | 0.14 
4 0.22 | | 0.35 | 0.08 
3 0.24) .... | .... | 0.25 | 0.24 
4 0.24 | | 0.26 | 0.20 
4 --- | 0.28] .... | 0.30 | 0.24 
4 0.31] .... | 0.53 | 0.09 
4 0.33 | .... | 0.41 | 0.26 
0.39) .... | 0.60 | 0.22 
3 0.41) .... | 0.74 | 0.23 
3 0.49 | .... | 0.70 | 0.32 
3 .-- | 0.59 | 0.87 | 0.28 
5 0.60 | 0.88 | 0.25 
4 0.72 | 1.29 | 0.12 
5 0.76 | 1.35 | 0.47 
+ 0.82 | 1.37 | 0.43 
4 1.00 | 1.35 | 0.83 
3 1.05 | 1.42 | 0.76 
3 1.14 | 1.76 | 0.75 
4 1.24 | 2.08 | 0.57 
4 1.30 | 1.76 | 0.94 
4 1.42 | 1.80 | 0.87 


In several instances the cement was tested in accordance with the 
standard method of test adopted by the Society.!. The sand used was 
variable, but in the majority of cases it was a widely used building 
sand from Long Island, and in all cases was approved after inspection 
to determine its freedom from an excessive amount of loam or vegetable 
matter. With the exception of one case, it graded from fine to coarse 


Standard Methods of Sampling and Testing Portland Cement (C 77-32), 1933 Book of 
A.S.T.M. Standards, Part II, p. 6. 
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and did not contain an excess of fine material. The water used was 
always fresh and potable. 

The bricks studied covered a wide range. Fire-clay, shale, and 
surface clay bricks of various methods of manufacture were repre- 
sented. The surface texture varied from a smooth glaze on all sides 
to extremely rough on all sides. Some bricks had smooth but uneven 
surfaces; others rough flat sides and glazed faces and ends. The 


The 36 bricks studied were classed as rough or smooth by the 

surface texture of the flat sides only. They were also classified by the 

raw material used in their manufacture, and divided by their rates of 

absorption into five groups: namely, very low, low, moderate, high, 

and very high. The division was arbitrarily made. The very low 

group contained those brick with rates of absorption which apparently 

tended to cause films of water to be formed on the bond plane when 

laid with mortar. The low group contained those brick which 

probably should have been laid dry. The moderate group probably 

could safely have been laid dry but a slight amount of wetting would 

have been beneficial. The high and very high groups apparently 

should have been thoroughly wetted before laying. The rate of 

absorption ranged from the very lowest among fire-clay brick to the 

highest among surface clay brick. No dry pressed brick, however, 

were included in the study. Table I shows the classification of the 

bricks studied. 


Tests for Rate of Absorption: 


The rate of absorption was tested in the following manner: The 
mouth of a small tubular vessel was carefully cemented to the exposed 
faces of brick selected to include the major variations in color. The 
vessel had a small.opening at the top through which it was filled with 
water, and which also served as a vent. ‘The vessel was kept filled 
to the top of the vent opening and the amount of water absorbed in 
two minutes was measured by reading the amount of water added 
from a burette graduated in 0.01 ml. The area of the brick exposed 
to the water was 0.63 in. in diameter, and was constant for all tests. 
Since brick in walls rarely if ever reach a constant dry weight, the 
rate-of-absorption tests were made after a period of two drying days 
in order that all surfaces should be as equal in dryness as possible. 
Repeat measurements were made at different times at certain build- 
ings to check the accuracy of the initial measurements. Where the 
brick had glazed or rough-textured surfaces, this surface was chipped 
away to a slight depth and the test made on the surface exposed. 
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Mortars Studied: 


Dependable records of the mortar mixes specified for all build- 
ings studied were available. The mixing had always been subject 
to strict and competent inspection. There were six mortar mixes 
and one masonry cement. The mortar mixes were as follows: 

One part cement, three parts sand, with 15 per cent of dry hydrated lime 
added. 


One part cement, three parts sand, with 25 per cent of dry hydrated lime 
added. 


One part cement, three parts sand, with 50 per cent of dry hydrated lime 
added. 

One part cement, one part dry hydrated lime, and six parts sand. 

One part cement, one part hydrated lime soaked to a putty, and six parts 
sand. 


One part cement, one part quicklime putty, and six parts sand. 


a All parts were by volume and the percentage of lime added was 


a percentage of the volume of the cement. 

The masonry cement, designated as masonry cement A, was a 
mixture of portland cement and dry hydrated lime which was mixed 
with more portland cement when used. The mortar mix developed 
by this procedure contained slightly more lime than cement by volume. 


BUILDINGS STUDIED 
Thirty-eight buildings were studied. Their ages varied from 3 
to 15 years. All buildings except two were built for the same com- 
pany, and the inspection at the time of erection was competent and 
thorough. The workmanship on all buildings was considerably better 
than average and, judging from the surface indications, was not 


Panels of brickwork containing 40 ft. of horizontal joints and 

10 ft. of vertical joints were marked off for the measurement of 
separation cracks. Wherever possible, 4 panels were measured, one 
on each wall exposure. With the exception of two buildings, all 
panels were on the first story walls and were located in fairly large 
flat areas of brickwork without breaks or offsets, and free from obvious 
settlement cracks. All panels were between the levels of the floor 
slabs and none was at the level of beams. All the mortar joints 
measured had been tooled and all but six, concave tooled. "i 


Method of Measurement of Separation Cracking: 


The lengths of all cracks, openings or separations visible to the 
eye were measured except in those lengths of joint where the mortar 
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TABLE II. 
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had separated from the brick on both sides, in which case only one of 
the two cracks was measured. All measurements were made with a 
tapeline. The added amount of cracks was expressed as a percentage 
of the total linear measurement of the mortar joints in the panel. 


Accuracy: 


It should be noted that the measurements of separation cracking 
were approximate only. In many cases, especially where the bonding 
surface of the brick was rough, it was a matter of judgment as to 
whether or not a projecting lip of mortar was a separation. Also, 
while every effort was made to obtain the exact added length of 
cracks, some error was introduced by the use of the tapeline. In 
measurements repeated at different intervals on the same panels, the 
maximum deviation obtained was 10 per cent. Where certain meas- 
urements were checked by another operator, the maximum deviation 
was 11 per cent. The consistency, however, of the percentages of 
cracking obtained in combinations of the same mortar and brick with 
similar rates of absorption, indicated the relative accuracy of the 
measurements. 

There were many variables in the brickwork of the panels meas- 
ured. The kinds of sand, makes of cement and lime, quality of 
workmanship, exposure to weather, types of brick bond, weather 
conditions when brick were laid, and the wetting of the brick before 
laying were all variables. The type of tooling was constant except 
in six cases. At four buildings the mortar joints in common brick 
walls were struck flush; at two buildings the mortar joints in face 
brick walls were raked and rodded. All other mortar joints were 
concave tooled. 


PRESENTATION OF DATA ty 


Table I gives the raw materials, the surface texture, and rates of 
absorption of the 36 types of brick studied. Similar brick numbers 
designated by letters A, B and C indicate a similar make of brick, but 
used in different buildings and furnished in separate consignments. 
Bricks Nos. 15, 25, 34 and 36 were common brick. 

Table II records the separation cracking between brick and 
mortar as measured at the 38 buildings. The buildings are grouped 
according to their mortar mix, and the table shows the percentage of 
cracking that occurred when the various mortar mixes were used in 
combination with bricks of varying rates of absorption. The surface 
texture of the flat sides of the bricks and the raw materials used in 
their manufacture are also given. Similar building numbers designated 
by letters A and B indicate the same building, but walls of different 
types of brick. 
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TaBLeE III.—Errects of VARIOUS COMBINATIONS OF BRICK AND MORTAR UPON 
SEPARATION CRACKING. 


Brick and Mortar Combinations 
A 
Separa: on 
Cracking Buildings 


Mortar Mix 


low 1:3 + 50% dry hydrated lime. ... 
Uader 10 percent... 
lo masonry cement A 


From 10 to 20 per cent 


ewe oow 


From 20 to 30 per cent 


o++++ 
— 
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TABLE IV.—EFFECT OF SURFACE TEXTURE OF BRICK UPON SEPARATION CRACKING. 


Average separation cracking horizontal joints only. 


ste 
Rough 
19.7 


Mortar, 1:3 + 25% Dry 
Rate of Absorption, 


per cent 
Mortar, 1:3 + 25% Dry 


Hydrated Lime. 
Brick with Moderate 


Masonry Cement A. 
Brick with Very High 
Rate of Absorption 


i 


19.6 19:7 | 18.0 


TABLE V.—EFFEcT OF RAW MATERIAL USED IN THE MANUFACTURE OF BRICK ON 
SEPARATION CRACKING. 


Minimum 


{ easurement, 
‘on per cent 
Rate | 
gees 
high......] 1:3 + 50% dry hydrated lime... 
low.......| 1:1:6 using dry hydrated lime... . 
very low.. 1: 1:6 using hydrated lime (soaked) 
very high.} 1: 1:6 using quicklime........... 
low.......] masonry cement A.............. 
very high.| masonry cement A 
low.....-. 
very low.. 
very high. meee 
very low.. 
very low..| + 15% dry hydrated lime. ... 
very high.| + 15% dry hydrated lime... 
very low.. + 25% dry hydrated lime. ... 
low....... + dry hydrated lime. ... 
Above 30 per cent.... { | moderate . + dry hydrated lime... . 
high. + dry hydrated lime... . 
= :6 using dry hydrated lime.... 
: very high.| masonry cement A............. Cm 
-3 se Se Est 
| Rough | Smooth | Rough | Smooth| | Smooth h| Rough | Smooth| Rough | Smooth|Rough|Smooth 
, 29.0 26.3 | 10.2 | 11.3 | 25.4 | 13.6 5.5] 63 | 2.2] 69 | 4.1] 12.1 Poa 
Average: 
29.0 20.0 5.5 6.3 1.7 6.9 4.1 | 14.7 By pte - 
Raw Material Number of | Separation | Building 
Buildings | Cracking, | Average, | Average, 
percent | percent | percent 
‘ 
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Table III gives the various combinations of brick and mortar 


which produced separation cracking under 10 per cent; from 10 to 20 
per cent; from 20 to 30 per cent; and above 30 per cent. 

Table IV gives the percentage of separation cracking at the 
horizontal joints only, occurring with rough and smooth-surfaced 
bricks. Comparisons were made where different bricks in the same 
group as to rate of absorption had contrasting types of surface, but 
had been used with the same mortar. Many of the bricks studied 
had rough flat sides, but glazed ends. ‘They were classed as rough, 
but the cracking on the flat sides only is given to show the true com- 
parative results obtained. The roughness of the flat sides varied 
greatly in degree, and the brick classified as smooth varied considerably 
in their unevenness. 

Table V gives the averages of the separation cracking that 
occurred with brick grouped as to raw material, without regard to 
other factors. 


DiscussION OF DATA 


Variation in Amount of Separation Cracking: patty 

The percentage of separation cracking at the buildings studied 
varied over a wide range. The maximum average for any one building 
was 68.3 per cent, and the minimum, 2.5 per cent. The average 
cracking for all buildings was 31.1 per cent. This average was so 
high that it is not surprising that moisture penetration of walls 
frequently occurs. If this average of cracking existed throughout 
the walls of a moderate-sized two-story brick building having 10,000 
sq. ft. of exposed brick walls, there would be about three miles of 
cracks. The amount of water that could penetrate through a crack 
three miles long is considerable. 

The low percentage of cracking found in several buildings indi- 
cates the possibility of reducing separation cracking to such a mini- 
mum that moisture-proof walls would be assured. 

As the workmanship at the buildings apparently did not vary 
greatly, the wide range in the percentages of cracking indicates the 
dominating influence of other causes for separation. In further 
evidence of this fact, comparisons were made between the front and 
rear of buildings where the workmanship might have differed in 
quality, but no consistent indications were obtained. 


Influence of the Rate of Absorption of Brick: 


The rate of absorption of brick appears to have definitely 
influenced the results. Very low rates of absorption always produced | 


high percentages of cracking. This was probably due to the fact that 


g 
a 
P 
0 
I 
r 
] 


the 
m¢ 
a 
ga 
sis 
hi 
cr 
| wl 
: bi 
ve 
th 
| a 
f li 
— 
ail 
— 
4 
4 
{ 
‘7 
4 
J? | 
Ws, 


CONNOR ON SEPARATION CRACKING IN BRICK STRUCTURES 463 _ 


the brick did not absorb the water, which tends to segregate out ofall = 8 => 
mortars, at a rate sufficient to prevent the forming of a film of water ree 
at the plane of contact. The low and moderate rates of absorption 

gave much better results with high-lime mortars, but did not con- 

sistently affect the high-cement mortars. Bricks of high and very _ 

high rates of absorption generally produced high percentages of a 

cracking with all mortars, although the percentage at four buildings 
where high-lime mortars were used might be considered as moderate. __ vite 
The indications are that good results cannot be made certain by any — 
particular rate of absorption for brick if no regard is given to ze 
mortar mix. Such results are obtained only when the proper com- 
bination of brick and mortar is used. Bricks of very low, high and Wad & 


Influence of the Mortar Mix: adh 


The mixes containing one part of ilieait three parts of sand, _ 
plus 15 per cent of dry hydrated lime; and one part of cement, three 
parts of sand plus 25 per cent of dry hydrated lime, are here considered — 
as high-cement mortars, while all of the others are considered as high- — 
lime mortars. The high-lime mortars consistently produced less 
cracking than the high-cement mortars. This was true with all — 
groups of brick, but was especially true with those groups having low | 

and ‘moderate rates of absorption. _ The minimum measurement 2 


per cent, while the 3 minimums obtained with the 1:3 plus 50 per cent ae 

of dry hydrated lime, 1:1:6 using dry hydrated lime, 1:1:6 using 

quicklime putty, and masonry cement A, were 3.8, 0.7, 4.0, and 0.1 | 

per cent, respectively. It should be noted that the high-cement 

mortar containing 15 per cent of lime consistently produced less 

cracking than the mortar with 25 per cent of lime added. apenas i vera 

Influence of Various Combinations of Brick and Mortar: 
Table III shows the beneficial effect of the use of high-lime 

mortars with brick having low or moderate rates of absorption, for 

such combinations furnished all of the average cracking for individual 

buildings below 10 per cent. All of the average crackings from 10 to 

20 per cent were also obtained from high-lime mortars, but six 

buildings out of the eight in this group were of brick having a very 

low, high, or very high rate of absorption. The other two buildings 

were of brick having a low rate of absorption, one a common brick 

that varied greatly in the rate of absorption of individual bricks. 
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, “results, but one quite high measurement raised the average to slightly 


over 12 per cent. All of the crackings obtained above 20 per cent of 
were with high-cement mortars, or high-lime mortars with bricks di 
_ having a very low, high, or very high rate of absorption. in 
eM The results obtained at buildings Nos. 34 and 35 where the same I 


brick was used with masonry cement A, a high-lime mortar, are 
worthy of note. The brick was a fire-clay brick, rough on the flat 
sides, and having a low rate of absorption. The buildings were 
constructed by different building contractors and the usual variables 
of workmanship existed, although at both the workmanship appeared 
to have been good. The average percentage of cracking at building 
No. 34 was 4.3 per cent and at building No. 35 was 2.5 per cent. 
The maximum measurement at the first building was 6.7 per cent and 
at the latter was 6.2 per cent. The consistently low cracking found at 
these buildings indicates that the construction of moisture-proof walls 
is possible if the proper combinations of brick and mortar are used 
with good workmanship. 

While the results indicate that consistently good results cannot 
be assured with bricks having high or very high rates of absorption, 
percentages of cracking obtained with the 1:1:6 mortar using quick- 
lime putty at buildings Nos. 30 and 31 indicate that the safe range 
of absorption may be widened by the use of this type of lime. It 
might be presumed that the fairly good results obtained at these ’ 
_ buildings were due to the very thorough wetting of the brick, but at | 
_ building No. 28 where a brick of a similar rate of absorption was 
if wetted as thoroughly as was practicable with a hose, the cracking was 
more than twice as great. The mortar used at building No. 28 was 
a similar mix, but the lime used was a dry hydrate. It is more prob- 
able that the difference in results was due to the higher water-retain- 

ing capacity of the 1:1:6 mortar using quicklime putty than to the 
difference in the wetting of the brick. Palmer and Parsons’ have 
ie ee) ; pointed out the beneficial influence of a high water-retaining capacity 
--——s in. mortar on bond, and showed that with 1:1:6 mortars the use of 
quicklime putties produces more of that property than do dry hydrates 
_ of lime. The data obtained from existing buildings tended to support 
their conclusions. 
its La The increasing spread occurring between the maximum and 
minimum measurements of cracking where bricks of high or very 
a high rates of absorption had been laid with high-lime mortars, indi- 
«tL. A. Palmer and D. A. Parsons, “Properties of Mortars and Bricks and Their Relation to Bond,” 
Research Paper No. 683, National Bureau of Standards Journal of Research, Vol. 12, May, 1934. 


*L. A. Palmer and D. A. Parsons, “The Rate of Stiffening of Mortars on a Porous Base,” 
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cates that good results would be made more certain by using brick 
of a low or moderate rate of absorption which could safely be laid 
dry. The danger, however, of too low a rate of absorption is al 
indicated. 


Influence of the Surface Texture of Brick: 


Rough-surfaced brick produced less cracking with high- lime 
mortars than did bricks with smooth surfaces. The contrary was 
true with high-cement mortars where the smooth-surfaced bricks 
produced the better results. These dissimilar results probably were 
due to the difference in workability of the two classes of mortar. It 
is logical to suppose that the less plastic cement mortars bridge the 
indentations in a rough-surfaced brick and reduce the area of contact 
unless unusual pressure is applied in laying the brick. The more 
plastic high-lime mortars probably fill the indentations in a rough 
surface, thereby increasing the area of contact and forming keys with 
the frogs which tend to increase the resistance to stress caused by the 
differential volume changes occurring between brick and mortar. In 
general the small differences indicated that the influence of surface 
texture was not great. 


Effects of the Raw Materials Used in the Manufacture of Brick: bcvined 

Table V shows that the general average of cracking obtained 
was lowest for shale and highest for surface-clay bricks. It is indi- 
cated, however, that factors other than the raw materials probably 
were responsible for these results. At building No. 33B brick No. 15, 
a surface-clay brick of the common variety, produced an unusual 
amount of cracking for a brick having a low rate of absorption used 
with a high-lime mortar. The rate of absorption, however, for the 
individual bricks tested, varied from very low to high, and this may 
have affected the amount of cracking. There was no certain indica- 
tion that a well-burned surface-clay brick having a uniformly low or 
moderate rate of absorption would not give results equal to similar 
bricks of fire clay or shale, if used with the proper mortar. 


Correlation of Results and Conclusions with Those of Other Investigators: 

It would appear that data on the bond of brick and mortar at 
existing buildings should furnish indications concerning the value of 
results obtained in laboratory investigations. The major importance 
of field data is that they represent results obtained under normal 
working conditions and are the practical evidence regarding the 
soundness of conclusions drawn from laboratory findings. It there- 
fore appears Geiiralte to ene to correlate the data obtained in 


| 
| 
Ss 4 
ne 
re 
at 
e nt 
es 
od 
; 
1g 
= 
it. 
id 
ot 
n, 
ze 
It 
se 
it 
AS 
is 
iS 
1- 
1e 
7e 
= 
” 


Pad 


this study with some of the results and anetietud arrived at by 
laboratory investigators. 

The fact that the field data showed that high-lime mortars con- 
taining dry lime hydrate, separated from brick having a very high 
rate of absorption in approximately the same proportions as high- 
cement mortars, but produced consistently better results with brick 
of a low or moderate rate of absorption, is significant. It appears to 
give some further indications regarding the influences of the water- 
retaining capacity of mortar and the bond layer upon the durability 
of bond. 

Palmer and Parsons’ indicated the importance of the water- 
retaining capacity of mortar. The evidence is that this property 
produces a workability that is retained for a period of time, which in 
turn increases the intimacy of contact between the mortar and brick 
and results in a greater extent of bond. The data of Palmer and 
Parsons* showed that a 1:1:6 mortar using hydrated lime has but 
little more water-retaining capacity than a 1:3 mix of portland 
cement with 15 per cent of hydrated lime added, as they stiffen in 
about the same time on a porous base. Palmer and Parson! also 
indicated that the destructive effects of the changes in volume of 
these two mortars were not greatly different if the extent of bond 
was good. 

If water-retaining capacity, intimacy of contact, and differential 
volume changes are the controlling factors in the durability of bond, the 
high-cement mortars and the high-lime mortars containing dry hydrated 
lime should have produced approximately the same percentages of 
cracking with all bricks of similar rates of absorption. It is apparent 
from the data, however, that this was not the case. With bricks 
having low or moderate rates of absorption, much less cracking was 
consistently obtained with the high-lime mortars containing dry hy- 
drated lime. The explanation for this difference appears to be given 
by Voss* who demonstrated the existence of a bond layer between the 
brick and mortar. His si pep ay photographs showed that bond 
layers formed by 1:1:6 and 1:2:9 mortars were continuous and of 
considerable thickness, while those formed by a 1:3 mix of portland 
cement plus 10 per cent of lime by weight, which approximates 25 
per cent of lime by volume, were thin and not continuous. He con- 
cluded that the bond layer probably was composed of calcium, more 


1 L. A. Palmer and D. A. Parsons, “Properties of Mortars and Bricks and Their Relation to Bond,” 
Research Paper No. 683, National Bureau of Standards Journal of Research, Vol. 12, May, 1934. 


Rock Products, Vol. xxxv, No. 18, p. 18 (1932). 
W. C. Voss, “ Permeability Am. See. 
Testing Mats., Vol. 33, Part II, p. 670 (1933). 


?L. A. Palmer and D. A. Parsons, ‘ The Rate of Stiffening of Mortars on a Porous Base,” 
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likely the hydroxyl than the silicate. It would appear logical wanes 
presume that at the existing buildings studied, the brick of low and 
moderate rates of absorption permitted the mortars to retain “= 
water for a period of time long enough for the materials making up — 
the bond layer to accumulate at the bond plane before loss of work- 
ability and stiffening occurred. The lime content in the high-cement 
mortars, however, appeared to be insufficient to form adequate bond © 
layers. == 

The high percentages of cracking, found with both high-lime- 
hydrate mortars and high-cement mortars where the brick had a high Ree: 
or very high rate of absorption, appear to have a logical cause in the = 
low water-retaining capacity common to these mortars. Theresultant 
rapid loss of water probably caused early loss of workability, less a est 
intimacy of contact, and rapid stiffening of the mortar. These 
conditions apparently prevented the formation of adequate bond — 
layers inasmuch as Voss' has demonstrated that the high-lime mortars 
have sufficient lime to produce them. 

The field data indicate support for the conclusions that high water- 
retaining capacity and the capacity to form an adequate bond layer 
are both important properties of mortar in producing durable bonds, 
and they indicate that a low degree of either property in mortar is 
liable to cause a high percentage of cracking if conditions are somewhat 
unfavorable. 

Palmer and Parsons? indicated that from the standpoint of 
durability of bond, and considering the mortars they studied, the best 
results could generally be obtained by keeping the rate of absorption 
below the value, 40 g. of water, as obtained by the partial immersion 
of a brick (flat side down) for one minute in 3 in. of water. 

The data cbtained at existing buildings support the general 
thesis that for the best results the rate of absorption should be limited 
in range, and indicates the importance of the conclusion that the rate 
of absorption of brick influences the durability of bond. The data 
showed, however, that for mortars similar to some of those studied 
by Palmer and Parsons,? there was a lower limit below which good 
results were not generally obtained. One mortar did not occur in 
combination with brick of very low rate of absorption, but the tendency 
was Clear. 
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1W. C. Voss, “Permeability of Brick Masonry Walls—an Hypothesis," Proceedings, Am. Soc. 
Testing Mats., Vol. 33, Part II, p. 670 (1933). 

2 L. A. Palmer and D. A. Parsons, “Properties of Mortars and Bricks and Their Relation to Bond,” 
Research Paper No. 683, National Basven of Standards Journal of Research, Vol. 12, May, 1934. 
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COMBINATION OF PROPERTIES NECESSARY TO PRODUCE DURABLE 
Bonp—AN HYPOTHESIS 


Many of the apparent contradications in the results and con- 
clusions of laboratory investigators resolve when the methods used in 
the various tests are analyzed, and the results compared with the data 
obtained from existing buildings. It would appear possible and 
desirable to submit an hypothesis, derived from the combined indi- 
cations of the results obtained in the laboratory and field, covering 
the properties of brick and mortar which, occurring together, will 
apparently produce a durable bond. 

The conditions necessary for the forming of such a bond appear 
to be as follows: 

1. Intimate and relatively complete contact between the brick 
and mortar, at the bond plane, which is retained during the process of 
early hardening of the mortar. 

2. The presence of materials and properties in the mortar and 
brick which will produce an adequate bond layer between the brick 
and the main body of the mortar at the plane of contact. 

3. The presence of factors that resist or reduce the destructive 
effect of differential volume changes between the brick and mortar, 
so that cracking or separation will not be caused after the mortar 
has hardened. 

To obtain these conditions for durable bond, it appears that 
certain properties of brick and mortar must occur in combination. 
Intimate contact appears to be obtained by a combination of high 
water-retaining capacity for the mortar and a rate of absorption for 
the brick low enough to allow the mortar to retain its water for a 
period sufficient to achieve proper contact and prevent that contact 
from being destroyed by differential shrinkages due to too rapid 
hardening. The rate of absorption, also, must be high enough to 
absorb the water that tends to segregate out from the mortar and 
accumulate as a film or in pockets at the surface of the brick. 

The formation of an adequate bond layer is apparently obtained 
by a sufficiency of lime in the mortar and by workability which must 
_ be retained long enough for the materials making up the bond layer 


_ mortar stiffens. The mortar probably should contain sufficient 
active lime after hardening for the bond layer to be added to and 
_ made more continuous by the deposition of lime salts carried in 
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for the obtaining of intimate contact between the brick and the ~ 
mortar. 

The properties of mortar which resist or reduce the destructive 
effects of differential volume changes between the brick and the 
mortar appear to be low absorption, low to medium coefficients of 
volume change due to wetting and drying and temperature variation, : 
good tensile strength, and those properties which, by causing intimacy 
of contact and the formation of an adequate bond layer, produce a — 
relatively complete initial bond. 

The requirements for brick which assist in resisting the effect of . 
volume changes apparently are a rough surface, low or moderate rate 


of absorption, and the absence of any scale or shell on the surface 


which is not properly integrated with the body of the brick. 


« SUMMARY AND CONCLUSIONS 


This paper records the amount of cracking that occurred in 
panels of brickwork at 38 buildings where six different mortar mixes, — 
one masonry cement, and 36 types of brick were used in 38 different 
combinations. The data do not cover combinations of many widely 
used mortars and types of brick, and but sparsely cover those studied. 
The conclusions cannot be considered as final, but the following are | 
indicated by the data: ; 

1. Where brickwork is laid up with reasonable care by mechanics 
of average ability, the factor of workmanship does not influence the __ 
amount of separation cracking so much as do the properties of ae 
used. 

. The rate of absorption of brick is important. Best results 
were BF where the rate of absorption was low or moderate. _ 
Very low, high, and very high rates of absorption tended to increase 
the amount of cracking. ‘ 

3. The effect of a high lime content in mortars was to reduce the 
amount of separation cracking. 

4. The combination of brick with a low or moderate rate of - 


absorption and a mortar containing a high percentage of lime con- Res | . 


sistently produced the lower percentages of separation cracking. ie: 

5. There was some evidence that quicklime putty in mortar | 
tended to produce less cracking than an equal volume of dry ne 
lime where used with bricks having the higher rates of absorption. 

6. Rough surfaces on brick tended to reduce the amount of 
separation cracking with high-lime mortars, but tended to increase 
cracking with high-cement mortars. 
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7. The raw material from which the brick was manufactured did 
not appear to affect materially the amount of separation cracking that 
occurred. 

8. The indicated relations of the field data to some laboratory 
findings of others have been stated. 

9. The indications of the results have been combined with the 
conclusions of others to formulate an hypothesis covering the require- 
ments of brick and mortar necessary to produce a durable bond. 
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DISCUSSION 


Mr. W. C. Voss! (presented in written form).—To me the most 
significant fact in Mr. Connor’s study is the age of the buildings and 
their almost complete removal from predetermined laboratory pro- 
cedure. Being a survey under such conditions the results are naturally 
much more difficult to correlate, but nevertheless, they show some 
very significant tendencies. I believe the Society is fortunate that 
such a careful survey is now available. It puts the “proof of the 
pudding” test on some of our laboratory experiments. 

I am raising a few questions on the paper, more to caution hasty 
conclusions on the part of the industry than to criticize the survey. 
Mr. Connor states, “It would appear that the amount of visible 
separation cracks existing in brickwork would be an important meas- 
ure of the effective bond between the materials.” This may not be 
rigidly true. I have had many specimens which showed marked 
surface separation, but excellent interior bond and contact and I 
would question the assumption that an external visible separation 
crack is indicative of complete failure in bond. If this assumption 
is doubtful then the error introduced by direct separation crack 
measurement may be material. It is however true, I believe, that 
such surface cracking is a physical characteristic of the mortar in 
conjunction with the particular brick, and as such, undoubtedly 
influences the behavior over the entire surface of contact. 

Furthermore, I am sure that bond failures, at least sufficient to 
allow the entrance of capillary moisture, are often present but un- 
recognizable to the naked eye or even with the hand magnifier. This 
also I have seen so many times in the laboratory and have checked 
by partial immersion, that this factor further influences the accuracy 
with which measurements of surface cracking may be conducted, 
particularly if they are to indicate failure in bond over an entire 
brick surface. 

I wish to call attention to one very important factor in Mr. 
Connor’s paper when compared with the paper presented at this 
convention by Messrs. Palmer and Parsons on “Permeability Tests 
of 8-in. Brick Wallettes.”? The buildings which Mr. Connor’s survey 
includes were all more than three months old; furthermore, they 


1 Professor of Building Construction, Massachusetts Institute of Technology, Cambridge, Mass. 
?L. A. Palmer and D. A. Parsons, “‘ Permeability Tests of 8-in. Beick Wallettes,”” see p. 419. 
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were exposed to extremes of heat and cold as -well as to the usual 
rains for several reversals of each range, at least. It would be a 
fallacy to suppose that, had Mr. Connor surveyed his buildings at 
the end of a 3-month period, even under job conditions, he would 
have found the same set of data. 

The heart of this problem lies much deeper than any of the work 
anyone has yet done; or is perhaps at present capable of doing. 
What happens when a liquid comes into contact with a solid is an 
open field of investigation. It has been established to quite a degree 
in other fields that tremendous strains are set up by the phenomenon 
of “‘adsorption”’ and who knows whether such physical pressures and 
stresses do not create entirely new physical and chemical reactions. 

I maintain, and there is plenty of evidence for the contention, 
that a bond of some sort is produced when almost any mortar comes 
into contact with almost any brick. Practically all tensile-bond 
tests show some strength in the most widely variant combinations. 
The question therefore is, how permanent is or can the bond be, and 
how continuous is it? We have only tentatively established some 
of the criteria for permanence and continuity of bond by various test 
procedures. We are now faced with the problem of “‘What causes 
this permanent and continuous bond?” 

The important factors which probably affect permanence and 
continuity of bond are: 

1. Absorption of water by brick. 
2. Water-retaining capacity of mortar to control rate of move- 
ment of solubles or other particles. 

3. Intimacy of immediate contact. 

4. Constituents of mortar which may be expected to form a 
firm contact by adsorption or other methods. It must remain “Live.” 
Generous amounts of lime do accomplish this at present. 

5. Minimum differential-volume changes at least within a safe 
range depending upon this “bond layer” strength. 

All of these are generally indicated by Mr. Connor’s data and dis- 
cussion. As to the amounts or composition there still seems to be 
considerable difference of opinion. All still point in the direction of 
the “Hypothesis” which the writer submitted in 1933,! and that 
higher lime contents are distinctly desirable. 

Mr. F. O. ANDEREGG.2—When any perceptible opening or lack 
of contact occurs between the mortar and the brick Mr. Connor is 
correct in viewing it with suspicion. These openings, however, seem 


1 W. C. Voss, “ Permeability of Brick Masonry Walls—an Hypothesis,” Proceedings, Am. Soc. 
Testing Mats., Vol. 33, Part II, p. 670 (1933). 
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to have resulted more from initial lack of contact, the most important 
cause of leakage, than from an actual opening up after hardening. 
If the latter were true, a crack should produce a continuous break for 
some distance, due to the rigidity of the mortar and of the units. 
Many of Mr. Connor’s cracks are very short. Hence, it is suggested 
that the words ‘“‘lack of contact” instead of “resultant cracking” 
would give a fairer placing of emphasis. It would be of interest to 
know whether the quicklimes used were high-calcium or dolomitic. 

Mr. L. A. PALMER! (presented in written form).—The agreement 
of laboratory results and observations in the field reported by Mr. 
Connor is in some respects very good, in others poor. On the whole, 
it is better than one would expect. 

The existence of a bond layer at the plane where brick and mortar 
meet is no longer purely hypothetical. The early theory of its forma- 
tion, as advanced by Mr. Voss in 1933? perhaps requires some modifica- 
tion. There is however no reasonable doubt as to its existence. 

The bond layer is affected to a great extent by the speed of brick- 
laying and by the pressure exerted on the brick at the time it is placed 
on the fresh mortar and any more-or-less standardized laboratory 
procedure is of necessity widely different from procedures obtaining 
in actual construction. As a consequence there is most apt to be 
considerable variance between conclusions reached in the laboratory 
(which show what cam be done) and results obtained in the field which 
indicate what normally is accomplished with various combinations of 
materials. 

Mr. J. H. MAtton.*—I should like to ask Mr. Connor whether 
the cracks in the buildings he inspected were evident as soon as the 
buildings were completed, or whether these cracks did not appear 
until after the walls had been subjected to seasons of alternate wetting 
and drying and freezing and thawing. 

It has been our observation that if walls leak, they generally leak 
as soon as the first rainstorm hits them after they are erected. Leaks 
of this sort cannot be attributed to cracks formed by volume changes 
in the mortar subsequent to hardening. 

Mr. J. W. McBurney.*—I have some questions on Mr. Connor’s 
paper: First, has Mr. Connor any information as to whether these 
bricks were wet or dry at the time of the construction of the building? 

1 Research Associate for the Research Committee of the Mortars and Masonry Research Fellowship 
supported by the American Face Brick Assn., the National Lime Assn., the Portland Cement Assn., 
and manufacturers of masonry cements. 


3 Louisville Cement Co., Louisville, Ky. 
* Research Associate of the Asphalt and Mastic Tile Assn. at the National Bureau of Standards, 
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Second, will Mr. Connor define or describe ‘good workmanship?”’ 
Third, since many bricks have quite different rates of absorption for 
their flats in comparison with their faces and, since the exposed surface 
of a brick will pick up fairly quickly tarry matter from the atmosphere 
in a typical American city, I am wondering whether it is not possible 
that the absorption of the brick at the time of laying might not have 
been considerably higher than was estimated later by investigating 
the exposed face. Fourth, was the opinion on texture derived from 
the examination of the exposed face of the brick or from previous 
knowledge of the condition of the flat of the brick. 

Mr. H. F. GONNERMAN! (presented in written form).—In defining 
types of portland-cement-lime mortars, Mr. Connor has called 1:3 
portland-cement mortars with 15 and 25 per cent by volume of 
lime added per volume of portland-cement, high-cement-content 
mortars. Similarly, a 1:3 portland-cement mortar with 50 per cent 
lime by volume and a 1:1:6 cement-lime-sand mortar by volume, he 
has called high-lime mortars. Using this terminology, the actual 
mortar mix referred to may be misinterpreted by the reader. This 
will be especially true if the conclusions are considered by themselves. 

Actually the 1:1:6 mortar contains equal parts of portland 
cement and lime by volume. Further, 70 per cent of the cementing 
material by weight in this mix is portland cement. Due to this fact 
it is believed that it would be desirable if Mr. Connor were to sub- 
stitute the actual mortar mix referred to wherever high-lime or high- 
cement is used in the text and conclusions. 

Attention should also be called to the fact that the 1:3 portland- 
cement mortar mix by volume plus one-half volume of lime showed, 
on the average, the least separation cracking of any of the mortar 
types studied. This is especially interesting in view of the fact that 
this is the richest mix under observation and is equivalent to a 1:2 
mix by volume of cementing material to sand. Apparently this has 
been overlooked by Mr. Connor in his discussion and conclusion. 

Has any attempt been made in this study to correlate the amount 
of separation cracking which occurred with the age of the building 
or with actual water penetration into the interior of the various 
buildings studied? 

Mr. J. H. HAnsen.*—I should like to ask whether there has been 
any attempt to correlate the findings during the salvaging of second- 
hand brick with the findings of these investigations and experiments. I 
have watched laborers knocking mortar off brick, and many of them 


! Manager, Research Laboratory. Portland Cement Assn., Chicago, Ill. rk 
? Executive Secretary, Brick Manufacturers Assn. of New York, New York City. 
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have told me that when they come to a mortar, which would be defined " 
as a high-cement mortar in r. Connor’ they find it very 
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kaock the brick eit and it eae off. This seems to indicate _ ae 
that the high-cement mortars have a more durable bond. i 
Mr.C.C. Connor! (author’s closure).—-Mr.Voss questions whether 
an external visible separation crack is indicative of complete failure in 
bond. I can state positively from experience in tearing down brick- 
work that itis not. There are no data on this subject but my observa- 
tions have been that even where there is complete separation at the _ 
face there generally is a bond at the center portion of the brick. It 
not infrequently occurs, however, that in such conditions the separa- 
tion continues completely around the perimeter of the flat side of the | ” 
brick and forms open passages at both ends of a stretcher brick or | 
both sides of a header brick for water to penetrate through and get into 
the wall. The full length of the surface crack then becomes effective 
as far as water penetration is concerned. The amount of separation 
, cracking visible, certainly is evidence regarding the tendency of various 
combinations of brick and mortar to separate and reduce the extent 
of bond. This isa large part of durability of bond. Visible separation _ 
cracking also allows water to enter a wall and indicates that penetra- _ 
tion of the wall is a possibility. Experience indicates that with email 
percentages of cracking this possibility is large. 

As Mr. Voss states, the question of what causes this permanent = a4 
and continuous bond, has not been solved but it is felt that enough is 
known regarding the varying influence of the properties of brick and 
mortar to form combinations that will produce such a bond. Materials | 
can be selected that will give assurance of a good percentage of moisture- __ 


b proof brick walls if the workmanship is similar to that now obtaining 
J in construction of a good grade. This should not be construed to 
; mean that further research is unnecessary. It would help greatly if 
the safe limits of rate of absorption of brick for best results in the 
field with various mortars could be more accurately established. My 
4 best judgment is from 5 to 20 g. of water absorbed in one minute, _ 
5 after the method of test used by Messrs. Palmer and Parsons. That _ 


range is very narrow.- Further knowledge concerning bond that could 
be used to widen that range or make it possible to secure good results 
with mortars having high strength or other superior qualities would be 
tremendously valuable to the building industry. . 

Mr. Anderegg suggests that the cracking studied was due to lack 
of initial contact more than to opening up after hardening. Undoubt- 


Newark, N. J. 
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pres a certain percentage of the cracking was due to lack of initial 
contact but there is reason to believe that the major part was caused 
by volume changes after hardening. The short cracks referred to 
frequently showed as separate cracks in the same horizontal joint 
and even these were probably caused, in most part, by volume changes 
subsequent to hardening. Experience. in remedial pointing work has 
clearly indicated that if two places in a horizontal mortar joint are 
locked fast by installing new mortar the uncracked section between 
may separate from the brick after a time. This is in all probability 
due to expansion longitudinally acting on areas of imperfect bond. It 
_ would appear likely that the short cracks were sections of imperfect 
bond between sections of relatively complete bond and that volume 
changes after hardening cracked them loose. Although there are very 
few measurements available, experiences at many buildings indicate 
that cracking increases for several years after erection. The increase 
in the first year or two appears to be very large proportionately but 
tapers off as time passes and apparently comes to an almost complete 
stop when the building is six or seven years old. 

¥ For example, at building No. 12, cracking was estimated to be 
ae per cent 6 months after erection anil 20 per cent 14 months later. 
_ All cracks in the upper story except the very narrow ones were then 
pointed. About two years later the cracking in the upper story was 
estimated at 50 per cent and many of the openings were very large. 
None of the pointing work had cracked. At another building careful 
oe “measurements showed that too early tooling had caused cracking of 
ae st 4 30 per cent in a certain area examined immediately after the bricks 


were laid. Five months later that cracking had increased to 61.7 
ie percent. It should be noted that at the time of laying this brickwork 
_ showed very little cracking in areas where the mortar had started to 
set before tooling. There is considerable evidence that most cracking 
occurs subsequent to the hardening of the mortar. 
The quicklime used at the two buildings studied was a high- 
calcium lime. 
Mr. Palmer’s statement that laboratory research shows what can 
be done, and field resylts indicate what ordinarily is accomplished, 
x requires a comment. In selecting materials and practices for best 
results in the field one consideration must always be borne in mind: 
that is the necessity that such materials and practices make no 
demands beyond the scope of workmen of moderate skill. If unusual 
_ care or workmanship is required, consistently good results cannot be 


_ Mr. Mallon’s question regarding the time when the cracks 
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appeared has been answered above. My experience has been that © 
some walls leak very shortly after erection, more after a few months, | 
and many within the first two or three years. Some walls have shown 

the first signs of water penetration as many as five years after com- 
pletion. 

Mr. McBurney asked whether the bricks were wet or dry when 
laid. That is not definitely known although it has been the general 
practice to hose-spray bricks of high rates of absorption, except in 
freezing weather, and not to wet bricks having low or very low 
rates of absorption. 

I will not attempt to define good workmanship. It covers <a 
wide a field. It would appear that if joints are properly filled and © 
tooled the other details of workmanship are far less important than — 
the properties of the materials used. Some materials apparently 
require less careful workmanship than others to produce good results. 

The method of measuring the rate of absorption of brick has 
been challenged. There undoubtedly was a possibility of some small 
errors in the measurements because the front faces only could be 
tested. One source of difference between the rates of absorption of 
the edge and side was removed by chipping off glazed or rough faces. 
In general, among the types of brick tested, the wide differences 
between the edge and flat sides occur in those having high or very 
high rates of absorption. As classified, those rates of absorption 
cover a wide range and while it is possible that the variation between 
the front face and the flat side in some cases may have edged the 
bricks over into another classification such cases were probably rare 
and not particularly important in the analysis of results. The pos- 
sible effect of tarry material on the face tested was eliminated where 
the rough or glazed surface was removed. Check measurements 
were always made on smooth surfaced brick in old buildings by test- 
ing where the surface had been chipped off. In only one case’ did the 
check measurement show any appreciable difference. 

In determining the texture of the brick the flat side only was 
considered. Where necessary, a mortar joint was chipped out to 
expose the flat side, but generally a projecting brick could be found. 

Mr. Gonnerman questioned the desirability of using the terms 
‘“‘high-cement mortar” and “high-lime mortar” as defined. In late 
years 1:3 portland cement mortars with 15 per cent or 25 per cent of 
lime added have been very widely used. Among builders, mortars 
containing appreciably more lime than those percentages are generally 
spoken of as high-lime mortars. The mortar mixes studied were 
therefore classified according to that conception and for the purposes 
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of this paper a high-lime mortar was arbitrarily defined as one which 
contained an amount of lime equal to or exceeding 50 per cent of the 
volume of the cement. 

Mr. Gonnerman points out that if the average values of crack- 
ing for each different mortar were considered, the average would be 
lowest for the 1:3 portland-cement mortar mix by volume plus one- 
half volume of lime. A study of the data shows cleared that a com- 
parison of general averages, derived from the percentages of crack 
ing that occured with each mortar mix and all classifications of 
brick, would be highly misleading and might obscure important 
points. The most important indication of the data is concerning 
the combinations of brick and mortar which produced the lower 
percentages of cracking. Comparison of results obtained with bricks 
having similar rates of absorption do not indicate that such a rich 
mix is necessary or particularly advantageous. 

In regard to the correlation of the amount of separation crack- 
ing with the age of the buildings, no data have heen given because 
an examination showed there was no such correlation evident. It 
is felt that cracking continues to increase for the first few years of a 
building’s life if there are areas where the bond is imperfect, but 
apparently the amount of that cracking is a function of the prop- 
erties of the brick and mortar used rather than of age. For example, 
Building No. 21, with the very low cracking of 5.3 per cent, is nine 
years old, and No. 33A, with 4.8 per cent cracking, is five years old. 
Buildings Nos. 12, 16, 19, 27 and 36 are all less in age but have crack- 
ing of over 40 per cent. 

The correlation of cracking with actual water penetration into 
buildings has been asked for. That is an extremely difficult thing 
to do. It should be understood that there are more than 40 causes 
for the penetration of walls besides the cracks between brick and 
mortar. The practices commonly used in flashing and in the appli- 
cation of copings are very poor as a whole, and make parapet walls 
as important a source of water penetration as the cracks in brick- 
work. Furring, damp-proofing and thickness of walls enter into the 
problem and make an accurate correlation of water penetration and 
cracking almost impossible. Where there were large percentages of 
— and no furring on the walls, leaks generally occurred, but 
buildings having less than 10 per cent of cracking seldom leaked. 
In particular, at Building No. 21 with 5.3 per cent of cracking there 
was no penetration; at Building No. 25 with 6.0 per cent of cracking, 
no penetration; at Building 26 with 5.1 per cent, slight penetration 
on one wall; at Building No. 33 with 4.8 per cent, no penetration on 
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the face brick walls, but on the common brick walls with 19.3 
per cent of cracking, there was considerable penetration; at Build- 
ing No. 34 with 4.3 per cent of cracking, no penetration; at Building 
No. 35 with 2.5 per cent, considerable penetration just below the 
parapet wall, apparently because the copper flashing did not cover 
the wall properly, causing a crack to develop completely around the 
building just under the coping. There were no indications of pene- 
tration on the lower floor and it is probable that there is no direct 
penetration through the brickwork. Buildings Nos. 5, 6, 7, 8, 9, 10, 
11, 12 and several others with high percentages of cracking have 
leaked. 

Replying to Mr. Hansen, with high-cement mortars it is true 
that the salvaging of bricks is frequently difficult, even where the 
percentage of cracking is high. The tendency of the central core or 
other partial areas to remain bonded and the high strength of this 
bond make salvage operations difficult, but this is no indication of 
the water-tightness of the brickwork. Some cases have been observed 
where brick and high-cement mortar have had almost no bond. In 
one case where a straight lime mortar had been used, the bricks could 
be pried loose with a pick and most of them were salvaged, but no 
cracks were found in an examination of about 150 lineal feet of poate. 
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a THE EFFECT OF DE-AIRING DRY-PRESS AN ND vey. 
he MUD BODIES FOR CLAY PRODUCTS 
By W. C. Ruecket! anp R. B. KepLincer? 
pretty 
OYNOPSIS 
Results of laboratory findings indicate that de-airing in connection with the 
dry-press process can effect many improvements. This is particularly true in 
regard to obtaining uniformity of properties in dry-press brick. With the 
present method of processing and low-pressure forming of dry-press clay, con- 
; siderable variation is obtained. Laboratory investigations have disclosed that 
Rise? the forming pressure limitations imposed by the occurrence of cracking can be 
a overcome by de-airing, and that brick can be formed at high pressures with 
improved and uniform properties. 

The results of a laboratory investigation of stiff-mud bodies indicate that 
de-airing produced a denser and more homogeneous product. The general 
appearance of the evacuated ware is that the surface texture is smoother and 
the edges more sharply defined. Visible lamination is greatly reduced and 
blistering, long a problem in the sewer pipe and roofing tile industries, is entirely 
eliminated by the use of evacuation. 

Homogeneity and increased density obtained by evacuation are reflected in 
a marked improvement in transverse and crushing strength, and by a lowering 
of the percentage absorption of each of the bodies included in the investigation. 

Results obtained in commercial operation of de-airing units indicate con- 

siderable improvement in the properties of paving brick, structural tile and 
other heavy clay products. The effect of de-airing as reflected in the ability 
of structural to meet A.S.T.M. specifications i is also discussed. 


Clays by their very nature adsorb air very strongly. When they 
are blunged in water, as occurs in the slip process for the production 
of dinner ware and other fine whiteware products, much of this air 
is removed. 

Clay products manufactured by the stiff-mud process or dry- 
press process, however, are greatly benefited by the removal of air 
during the forming operation. Since pockets or blebs of air produce 

_ a discontinuous mass, it is evident that de-airing should increase the 

poe pe! of the finished ware and result in an improvement in 


_ Physical properties and in uniformity of clay products. 
Research Engineer, Engineering Experiment Station, Ohio State University, Columbus, Ohio. 
Vice-President, Metropolitan Paving Brick Co., Canton, Ohio. Soy 
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Stiff-Mud Process.—-In the stiff-mud process the pulverized clays 
or shales are mixed with water (15 to 30 per cent) and pugged or 
kneaded into a consistency somewhat like that of putty. The well- 
kneaded particles are consolidated under pressure by the action of an 
auger and extruded in the desired shape from a die. In this process 
it is evident that much of the air is entrapped between the kneaded 
particles of clay and sealed in the product by the action of the auger. 
The air thus entrapped does not permit a perfect knitting of the clay 
particles and causes laminations in the finished ware. 

Dry-Press Process.—In the dry-press process, the pulverized 
body containing 6 to 9 per cent of water is charged into the mold box 
of a mechanical press and formed into ware by the application of 
pressure. The forming pressures employed in commercial practice 
will vary from 500 to 1500 lb. per sq. in. Since the unconsolidated 
charge of clay contains 50 to 60 per cent of air, it is quite evident that 
considerable air may be entrapped in the formed product. The ware 
as it comes from the press, if sufficient air is entrapped in it, is unable 
to withstand the expansive action of the air and consequently pressure 
cracks are formed. 

Considerable work on the coalescence of clay particles in the 
forming of ware has been done at the Ohio State University Engineer- 
ing Experiment Station during the past five years. The clay products 
industry has found this work to be of considerable importance and is 
enthusiastically adopting de-airing in commercial operations. 


Dry-Press DeE-AIRING 


In the Station’s study of the dry-press process of forming refrac- 
tories, it was necessary not only to study the properties of de-aired 
clay but also to work out the principles of de-airing and to develop 
equipment for the application of these principles. 

Air in clay can be removed in three ways, namely, by subjecting 
the clay to repeated pressures; by evacuating the mold box; by 
saturating the loose clay with a gas which will be either condensed 
under the forming pressure, adsorbed by the clay grains, or dissolved 
chemically by the water film which surrounds the clay grains. 

R. E. Birch! in an investigation conducted at the Station found 
that the limits of pressure employed in commercial dry-press opera- 
tion varied from 500 to 1500 lb. per sq. in. In practically every 
instance this limit was imposed by the development of pressure 
cracking in the ware. The relation of forming pressure to bulk density 


1R. E. Birch, “Researches in Dry-Press Refractories, Part I," Bulletin 56, Engineering Experiment 
Station, Ohio State University (1930). 
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for dry-press brick is shown in Fig. 1. The strength aiid iinaiey 
of the brick also vary directly with density. The distance AE along 
the abscissa represents the range of forming pressure used in com- 
mercial operation at present. It is evident that the rate of change 
of density along the curve BU is very rapid. Birch also points out 
that the method employed in preparing the clay batches and in 
charging the mold box of the press may cause the forming pressure 
received by the brick to vary as much as 50 per cent from its average 
value. From this it is evident thet it would be desirable to operate 
at pressures greater than the peint F where the rate of change of 
density with the variable forming pressure would be small. Since 
the curve is quite flat in the high-pressure area, brick formed under 


| | 3 vine] | WUD 
A E F 
Increase in Forming Pressure ——> t 
Fic. 1.—The Relation of Forming Pressure to Density. 


a variable ptessure in the high-pressure range will have quite uniform 
physical properties. Uniform physical properties will mean uniform 
performance in refractory installations. 

Any attempt to control accurately the forming process by con- 
trolling the forming pressure with existing equipment would entail 
a great deal of difficulty. However, it is believed that a very excellent 
product can be made by operating the press within a range of higher 
forming pressure, if pressure cracking can be eliminated. 

As mentioned above, three methods for eliminating pressure 
cracks in the forming of dry-press brick have been studied: the first 
de-airing by evacuation of the mold box; the second displacing the 
air with gas, and the third double pressing. In double pressing, the 
initial pressure is sufficient to force the air into pockets, the pressure 
is then released allowing the air to escape, after which it is repressed 
under sufficient pressure to heal the cracks, 
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Exhaustive laboratory tests were made of each of the three 
methods mentioned. The results of some of these tests are shown 
in Table I. The results of the laboratory test showed sufficient merit 
to warrant the application of these three de-airing methods to com- 
mercial practice. To date commercial tests have been made only 
on the gas de-airing and double-pressing methods. The results of 
these tests are shown in Table IT. 


TABLE I.—Errect oF De-Arrinc Dry-Press CLay Boptes. 


Direct Evacuation Gas De-airing Double Pressing 


Plastic Clay Body | Flint Clay Body | Plastic Clay Body Plastic Clay Body 


Forming pressure, Ib. per sq. le press | Double press 
1500 5500 1500 5500 3500 5 500 5 500 


1849 
3580 | 3940 | 1395 | 4170 | 8554 | 10886 


@ Brick were badly laminated. 
» Brick were free from laminations. 


TABLE II.—Errect oF DrE-AIRING ON FIRED PROPERTIES OF Dry-PREssS 

CLay BATCHES. 


* Formed under normal plant practice (low pressure forming). oe 
> Formed under high pressure using butane. { 


It should be noted that the procedure followed in the laboratory 
tests was to form brick without the use of de-airing at low pressures 
to prevent cracking. Brick were also formed using the various de- 
airing methods at high pressures and this ware was free from cracking. 
Unde-aired ware formed at high pressures always showed some 
pressure cracking. 

The improvement in flexural and crushing strength obtained by 
de-airing ranges from 10 to 50 per cent depending upon the type of 
body being de-aired. The increase in density and decreased porosity 
is also quite appreciable. A comparison of brick formed at high 
pressures with those formed under normal plant practice in the 
commercial tests indicate that the former ' were much denser, stronger, 
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and more resistant to load deformation, and should be suited for 
refractory service where high strength and resistance to slag penetra- 
tion is desired. ad 
Stirr-Mup Dr -AIRING 


All the tests on stifi-mud de-airing were made in cooperation 
with the Bonnot Co., Canton, Ohio. The machine used in the lab- 
oratory tests was designed and constructed by the Bonnot Co. pri- 
marily for development work in designing larger machines to be used 
commercially. It consists of a horizontal pug mill and auger machine 
mounted at right angles to each other in the same plane, so that the 
clay discharges from the pug mill into the rear of the auger through a 
perforated die. Evacuation is accomplished through an opening 
above the junction of the two machines. 

The investigation substantiated statements previously made in 
the literature on de-airing in that it is impossible to remove air from 
a plastic mass of clay until it has been broken down into relatively 
small pieces. Improper disintegration or shredding has been the 
source of erratic results obtained in all previous investigations along 
this line. 

It is recognized that forcing plastic clay through a perforated die 
consumes considerable power and is probably not feasible in com- 
mercial operation. Shortly after the laboratory tests were started, 
new disintegrating equipment for preparing the clay in proper form 
was developed by the cooperator. It consumes little power and has 
been incorporated in the new commercial size machines. However, 
all bodies in the laboratory tests were processed with the original 
equipment. 


Ten different clays and shales were included in the laboratory 
investigation. The products manufactured from these various 
materials include the following: paving brick, common and face 
brick, roofing tile, drain tile, salt glazed brick, building tile, sewer pipe 
and stoneware. The bodies as secured from the plants were formed 
into test specimens and observations were made in order to present 
an analysis of the changes due to de-airing in working behavior, body 
structure, drying and firing behavior, as well as any changes in plastic, 
dry and fired strength. 

The working properties of every body studied were improved by 
evacuation. In producing a more plastic and workable body, the 
effect of de-airing process is very similar to that of prolonged aging 
in order to induce plasticity in the mass. Dies that cannot be used 
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in ordinary operation with certain clays can be used successfully when 
these same clays are de-aired. This improvement suggests the 
possibility of many new products. Cutting wires do not deform the 
evacuated column as much as they do the normal column and the 
ware thus has sharper edges. Blistering of the ware, long a problem 
in roofing tile and sewer pipe, was entirely eliminated by evacuation. 
The plastic and dry strength of the de-aired bodies were also con- 
siderably higher than the unde-aired bodies. Dry bulk specific 
gravity was increased in all cases by evacuation. 

Although evacuation had no noticeable effect on color of the 
fired ware, considerable improvement in body structure of the fired 


tructure of Unde-Aired and De-Aired Specimens of Shale After 
Firing. 

product was noticeable (see Fig. 2). Not all of the causes of lamina- 
tion are removed but healing together of the fractures is facilitated. 
The effect of de-airing on fired properties is shown in Table III. The 
data indicate that considerable improvement in the physical prop- 
erties of stiff-mud bodies is made possible by de-airing. The effect 
of evacuation was to lower the absorption and to increase specific 
gravity, transverse and crushing strength and modulus of elasticity. 
All of the improvements are of such an order that they suggest the 
possibility that de-aired products will pass the requirements of the 
Society’s specifications much more readily than will unde-aired 
products. The increase in bulk density ranging from 1.31 per cent 
to 4.58 per cent and averaging 3.2 per cent is more than offset by the 
increased strength of the de-aired peas 
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III.—PROPERTIES OF FIRED 
Firing Absorp-| Bulk | Modulus of | Modulus of ing 
Body* Product Temperature,| tion, | Specific upture, | Elasticity, | Strength, 
deg. Fahr. | per cent | Gravity |lb. persq. in.|Ib. per sq. in.|Ib. per sq. in. 
ni. 2057 2.45 | 2.39 4394 | 5730000| 14520° 
} { 2057 0.70 2.47 5844 8 390 000 19 140° 
: 2057 4.09 2.34 4505 4580000 | 13 980° 
} Roofing { 2057 114 | 2.52 4488 | 5500000| 18 680° 
aS ; 2156 2.15 | 2.35 3925 | 6780000} 12150° 
} Paving { 2156 0.66 | 2.42 4974 | 7620000] 15170° 
leone ; 2057 2.02 | 2.30 2664 | 7010000| 12420° 
2156 9.74 | 2.11 3148 | 3410000] 13820° 
oe } Common brick............++. { 2156 7.36 | 2.18 3550 | 3500000| 16780¢ 
2156 4.87 | 1.92 3340 | 6080000] 17610¢ 
ape } Salt glazed brick and tile { 2156 2:78 | 1.95 4240 | 6290000| 18340¢ 
2282 6.56 | 2.10 3306 | 4390000] 11380¢ 
} Glazed face brick............. { 2282 5.27 | 2.21 3812 | 4900000] 12450° 
= 2282 2.68 | 2.18 2872 | 4750000} 14530¢ 
HV.. } Sewer { 2282 1.90 | 2.24 3608 | 7950000} 18 180° 
@ V indicates evacuated body 
> Fired at 2003 F. 
Fired at 2156 F. 


TABLE IV.—PROPERTIES OF PAVIN 


AND Deg-AIRED CLAY. 


G Brick MapE From NorMAL 


Weight of 10 | Increase in Rattler a 
Ware Specimens, | Weight Dueto| Absorption, Loss, to 
Ib. Evacuation, per cent per cent Evacuation, 
per cent per cent 
Medium-fired Cleveland ware, un- 
86.50 2.55 25.43 
Medium-fired Cleveland ware, 
90.00 4.05 0.70 20.55 19.17 
Light-fired Cleveland ware, un- 
4 85.75 2.45 21.86 
~~ Cleveland ware, evac- 
89.00 3.25 0.26 16.85 22.97 
Medium-fired Canton ware, un- 
80.75 5.30 22.45 
Medium-fired Canton ware, evac- 
85.62 6.02 0.20 18.82 19.28 


TABLE V.—Loap TESTS AND ABSORPTION OF STRUCTURAL TILE. 


Absorption, per cent 
Unevacuated | Evacuated | Une ted | E ted 


Net area. 


239 250 279 000 
25.2 per cent 
27.2 25.2 


8 790 | 11 100 


| 4.60 
Decrease, 26.4 per cent 
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No. | 520 WH 200 WW 0.08 
i No, 2.... sakes 261 000 320 000 6.62 4.51 
No. 3...... 268.000 262 000 6 13 4.91 
- No. 4 202 000 6.00 
Average.... 
Net unit strength, Ib. 
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Experiences from Commercial Operations Using De-airing: 

A well-known paving brick manufacturer reports the following 
commercial benefits were obtained by de-airing: 

“The improvement in the green column and the green ware by this process 
was quite striking, even though our previous experimental work had given us 
considerable indication of what to expect. There was a tremendous increase 
in plasticity and workability of the shale bar and a noticeable increase in green 
elasticity and density. The shale ran excellently through the die, with a smooth 
finish and sharply defined edges and corners. 

“‘We may sum up the improvements in the characteristics of the burned 
ware as follows: The rattler test abrasion loss was reduced from two to five 
points. The compression or crushing loads were very greatly increased. As a 
matter of actual test we have had compression results showing loads as high as 
26,000 Ib. per sq. in. and we have a whole series running from 18,000 to 25,000 
Ib. per sq. in. Please note, the crushing strength of granite is frequently given 
as from 9000 to 35,000 Ib. per sq. in., with an average of from 18,000 to 25,000 
Ib. per sq. in. The absorption tests (5-hr. boiling test made in accordance with 
the Society’s specifications) ran consistently lower at any burning range with 
the de-aired product than with the unde-aired product.” 

The first paving brick made by the de-airing process and subject 
to laboratory tests were several series of 3-in. brick made from Cleve- 
land and Canton shales. Data obtained from tests of these brick 
are given in Table IV. 

Structural tile made by the de-airing process, run out on one of 
the first commercial de-airing machines, were compared with tile 
made from the same clay body by normal plant methods. The 
results are given in Table V. 

The stiff-mud de-airing process has also been applied com- 
mercially to the manufacture of sewer pipe, drain tile, roofing tile, 
face brick and refractory brick. Only one installation has been made 
in the sewer pipe industry to date. An improvement in compressive 
strength of the de-aired pipe ranging from 10 to 20 per cent has been 
reported. The body structure as regards visible lamination has also 
been improved although it is necessary to add that the maximum 
benefits from the de-airing of sewer pipe have not been obtained as 
yet. Reports similar to the foregoing are also obtained from manu- 
facturers of drain tile, face brick and refractories. It should also be 
noted that by reason of the novelty of commercial de-airing and the 
lack of experience thereby, the possibilities have not been thoroughly 
explored, and, conversely, there may arise certain unforeseen diffi- 
culties and problems in drying and firing that may minimize the 
possibility of its universal adoption. Such difficulties may prevent 
some manufacturers from producing de-aired products economically, 
especially since some raw are less 


to proper de-airing. 
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SUMMARY 


Summarizing the improvements which may be secured by the 
commercial application of the evacuation process, the following are 
the most apparent: 


1. Production of stronger, denser, and more uniform quality of 
ware by the dry-press process. 

2. Materials that are now unusable by the stiff-mud process 
may be worked satisfactorily. 

3. Products and types of ware not commercially possible by the 
stiff-mud process may be made when de-aired. 

4. Stronger, less absorbent ware by the stifi-mud process can be 
secured by firing the de-aired product to the same temperature as 
used at the present time with normal plant ware. 

5. De-aired stiff-mud products will undoubtedly meet specifica- 
tions regarding quality and properties much more easily than unde- 
aired ware. 
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pDIsc I ISSION. 


Mr. G. F. Schlesinger. '—Twelve of the largest of the 55 active 
manufacturers of paving brick in this country have equipped 14 plants 
with the de-airing process. Considering the economic conditions 
during the past few years, this is a good indication that the paving 
brick industry is convinced of the commercial advantages of the de- 
airing process for manufacturing paving brick. 

A questionnaire to 8 of the 12 companies using the de-airing 
method in 1933 brought forth 7: replies containing the oon 
information : 

Through use of the de-airing process 7 companies reported (1) 
definite decreases in average losses in the rattler which varied from 
2 to 6 points, (2) improvement in uniformity of the product, and (3) in- 
creases in the proportion of No. 1 brick, passing the A.S.T.M. specifi- 
cations, which ranged from 2 to 17 per cent. Four of the companies 
reported that the weight of the de-aired product was 3 to 5 per cent 
greater than that of the brick produced without de-airing. Six of 
the 7 replies indicated that the advantages mentioned were secured 
without additional cost; the seventh reply indicated a slight increase 
in cost for the de-aired brick. 

I have no special comments on the paper by Messrs. Rueckel 
and Keplinger other than to say that I think the paving brick in- 
dustry is convinced that the de-airing process is here to stay, and we 
agree in general with the conclusions of the paper. 

Committee C-3 on Brick has instructed its subcommittee on 
paving brick to make a study of de-airing with a possible resulting 
recommendation of changes in the A.S.T.M. test for paving brick. 

Mr. W. C. RUECKEL? (author’s closure by letter) —Mr. Schlesinger’s 
remarks clearly indicate (and so also does all the information we have 
obtained in our work) that the majority of clay plants will install 
de-airing equipment mainly to effect a considerable saving in operating 
costs by an increased production of first quality brick. 

Data given in the paper show that the de-aired product will 
have a much lower absorption value and an altered surface texture. 
The alterations of these properties will undoubtedly affect the bond 
between brick and mortar to no slight degree. The necessity for an 
investigation of the bond between mortar and brick in which de- 
aired brick are used with typical mortars is therefore apparent. 


1 Chief Engineer and Managing Director, National Paving Brick Assn., Washington, D. C. 
2 Research Engineer, Engineering Experiment Station, Ohio State University, Columbus, Ohio. 
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METHOD AND APPARATUS FOR DETERMINING THE 


«INTERVAL REQUIRED TO DISPERSE OIL COLORS 


on THROUGHOUT A PAINT MEDIUM 
arin 


By M. Rea Paut! anp GEORGE DIEHLMAN' 


ru 


SYNOPSIS 

A necessary property of colored pigments ground in oil is that they rapidly 
disperse when mixed with a paint medium for tinting purposes. 

An apparatus and comparative method is described for determining the 
time interval (in seconds) required to disperse colored pigments ground in oil 
throughout a white paint medium. The specific method is that colored pigment 
in oil, white paint and lead shot of defined size, all contained in a special glass 
bottle, are agitated in a specified manner. Uniform distribution and mixing 
are readily obtained. The total interval of agitation is carefully timed, the 
end point taken when by visual observation homogeneity or absence of streaking 
is secured. Results so obtained have been found comparable to practical 
mixing experience. Two tables are included, giving typical results obtained 


be 
& INTRODUCTION 


One of the necessary properties of colored pigments ground in 
oil is rapid dispersion when mixed with a paint medium for tinting 
purposes. At the present time no known method, other than practical 
mixing by hand, is available for determining with any accuracy the 
time interval required for this dispersion to be completed. After 
considerable experimentation with various means that could be 
employed to achieve agitation that involved stirring, shaking and 
rotating, etc., a satisfactory selection was made. 

Herein is described a method with apparatus for comparatively 
determining time in seconds necessary for complete dispersion of 
colored pigments in oil throughout a white paint medium. While 
there may be other possible uses for this method, work with it has 
so far been restricted to paste colors-in-oil. 

All dispersion data given in this paper were obtained with white 
lead paint mediums, but paints made from other white pigments 
have been used with equal satisfaction where the consistency was 
somewhat similar to that given in Table I. Consistency of the white 
paint medium is specified because for the purpose intended, it facili- 


1 Research Laboratories, National Lead Co., Brooklyn, N. Y. hon 
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tates rapid and uniform final dispersion with the stated conditions of 
procedure. 

We believe, however, that by varying the size and combinations 
of the lead shot, the method can be applied to a wider range of com- 
parative dispersive problems. The lead shot variations would 
necessarily have to be developed for each individual case because of 
differences in materials and viscosities. Possible applications that 
might be made the basis for further study involve comparative dis- 
persive intervals for pastes generally. In the case of whites, the 
color-in-oil could be used as an indicator. By reversal, using a stock 
paste and a colored indicator, the dispersion interval for various 
vehicles with reference to the paste might be determined. 


APPARATUS AND EQUIPMENT 


Glass Mixing Bottle—The dispersion test is conducted in a 
specially constructed tubular glass bottle, a sketch of which, with 
dimensions, is shown in Fig. 1. The bottle is stoppered with a cork, 


TABLE I.—Mopsitity DETERMINATION AT 21 C.¢ i 


Time in seconds for the plunger to fall through 10 cm. of the material using the disk with 50 holes. 
Totat LoaD, G. TIME, SECONDS 


*For descriptive details of apparatus and manipulation, see H. A. Gardner, ‘‘ Physical and 
Chemical Examinations of Paints, Varnishes, Lacquers and Colors,"’ Sixth Edition, p. 521 (1933). 


concaved at the bottom and inserted just to the upper end of the 
shoulders, thus duplicating the opposite rounded end of the bottle. 
The neck and shoulders of the bottle are covered on the outside by 
means of glued black paper, thus shielding this interior portion from 
view. Shielding removes an objectionable contrast introduced when 
the stopper can be seen during actual operation. 

Holder for Mixing Tube.—The holder is made of wood, painted 
black. The dimensions are: height 28.0 cm., width 11.0 cm., thickness 
3.0 cm. The center of this board is cut out and shaped to allow for 
insertion of the glass mixing tube to about one-third of its diameter. 
A copper strap ? in. wide, which can be made tight against the mixing 
tube by means of a winged nut and bolt, is attached to the board. 
For attaching this holder to the rotating shaft, a j-in. standard pipe 
flange is fastened to the back at a point 23.4 cm. from the top to the 
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flange center. The rotating shaft was made from a piece of iron rod 
threaded at one end and sprung to give an angle of 12 deg. from the 
vertical (see Fig. 2). 

Drive and Rotating Device.—Any suitable drive and rotating 
device can be used provided the shaft connected to the holder is 
turned at 27 r.p.m. 

Measuring Tube for Colored Pigments in Oil.—For comparative 
purposes, it is essential that equal volumes of the colors-in-oil be 
charged. Where the specific gravity is known in each case, the 
charges may be weighed directly into the mixing tube after suitable 
adjustment by calculation. 


! 

A tear 

<-4¢m. 

Fic. 1.—Glass Mixing Bottle (Inside Dimensions) = 


For simplification, a constant volume measuring tube was adopted 
made up as follows: glass tube 20.0 cm. long with flat ends, inside 
diameter 0.5 cm. graduated from one end to hold 3.0 ml. at 21 C. 
Into this tube is inserted a snugly fitted glass plunger tapered to a 
point at one end. The color-in-oil is sucked into the tube to the 
mark and discharged by means of the plunger. By this procedure, 
reasonably accurate volumes are quickly measured. 


Materials Required: 
(a2) Supply of No. 11 lead shot (approximately 0.06 in. in 
diameter). 
(b) Standard white paint. For experimental purposes, regular 
flat white lead paint was employed, after it had been reduced with 
turpentine to the approximate consistency given in Tabie I. 
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Test METHOD 


Loading.—The mixing bottle shown in Fig. 1 is counter-balanced 
in an upright position by means of a suitable holder and the following 
additions introduced in the manner and quantity specified: 550 g. 
No. 11 lead shot (approximately 0.06 in. in diameter), 3 ml. color-in-oil 
(recounter-balance) and 75 ml. white paint (by weight).! For good 
initial distribution of the color, it is essential that the additions be 
made in the sequence specified. All standard white paint that will 
be required should be carefully strained and well stirred prior to 
weighing each charge. When charging color-in-oil, care should be 
taken to prevent contact with the glass walls of the mixing tube as 
much as possible until the walls have been wetted with white paint. 


Fic. 2.—Apparatus with Mixing Tube in Place. a 
This wetting is accomplished by tilting the bottle at an angle and 
slowly turning. The bottle is then stoppered with the special cork 
and fastened in the holder as shown in Fig. 2. When the charge is 
prepared, it should be run immediately, as standing will in time 
permit certain colors-in-oil to seep through the shot, thus providing a 
slight dispersive advantage. 

Rotating.—Rotation is started simultaneously with timing (stop 
watch). The lead shot is distributed by gravitational force from one 
end of the bottle to the other, dispersing the color-in-oil throughout 
the paint. The angle of 12 deg. at which the holder and mixing 
bottle is set, concentrates the impact against the walls, thus removing 
any adhered color-in-oil at these parts. 
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Reading.—When homogeneity, or obliteration of streaking, is 


noted through visual observation, the end point has been reached. m: 
The timing should cease simultaneously with notation of the end point | sh 
and the lapse of moe in seconds taken as the reading. de 


With the experience of a few trials with this method, different 
operators can determine the end point sharply enough to provide 
reasonable checks. The degree of accuracy obtainable with the 
described method was tested by having three operators separately 
determine the dispersion rate of similar colors-in-oil, each of a different 
brand. In each test the same standard white paint was used from a 
bulk supply. Results are shown in Table II. In all but one instance 


TABLE IIl.—Disrersion INrERVAL TESTS BY THREE DIFFERENT OPERATORS. 
DISPERSION INTERVAL, SECONDS 


CoLor-tn-O1L® Operator A Operator B Operator C 
Chemically pure chrome yellow-medium ........ 44.0 45.0 41.0 
Chemically pure chrome yellow-medium ........ 42.5 42.0 40.0 
Eee 45.0 41.0 44.0 
45.5 40.0 43.0 
38.0 36.0 33.0 
47.0 43.0 44.0 f 
36.0 38.0 37.0 


* Each sample of a different brand. 


satisfactory checks were secured. The exception (last sample of raw 
Turkey umber) was of stiff paste consistency and of a type that in 
itself is often incompletely dispersed. This was purposely included 
to show the limitations of the method as at present applied. When ' 
tested the bulk of such colors-in-oil disperse throughout the white 
paint medium fairly rapidly but are followed by a breaking out of 
small specks of color at irregular intervals. Such colors require 
considerable time before homogeneity is obtained, and as a result an 
approximate, instead of a clearly defined end point, is noted. This 
approximate end point may be obtained by observing the elapsed 
seconds when homogeneity in the mixing bottle is first observed but 
allowing the stop watch to continue running. Successive noted time 
interval readings are made after the disappearance of each outbreak 
of specks and by this process the end point is finally reached. 
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Colors-in-oil suitable for tinting purposes as made by different 
manufacturers vary considerably in dispersability. Several pairs of 
similar colors each from a different source were tested by the method 
described and the results given below. Chemically pure Prus- 
sian blue is particularly outstanding and is among the most difficult 
colors to disperse: 


DISPERSION INTERVAL OF COLORS-IN-OrL OBTAINED FROM DIFFERENT SOURCES. 
CoLor-tn-O1L 
Chemically pure Prussian blue 
Chemically pure Prussian blue 
French ocher 


Van Dyke brown 
Van Dyke brown 


CONCLUSIONS 


as ASM some time been felt that aie variation 
aaname unquestionably existed between similar colors-in-oil 
from different sources, but no means have been available for deter- 
mining these differences. 

Now, after tests and practical trials with different operators, the 
authors believe that a satisfactory method has been evolved for 
comparatively determining the speed at which colors-in-oil added for 
tinting purposes can be dispersed throughout a white paint medium. 

From the information developed in this paper it is apparent 
that an appreciable variation does occur that is now measurable. 
The authors realize that the apparatus as described is subject to 
improvement and present it, together with the method, in the hope of 
receiving constructive comments that will stimulate further thought 
= these lines. 
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Mr. J. J. RANkiN.'—I should like to ask whether the fineness of 
the pigment has anything to do with the rate of dispersion. 

Mr. GEorGE DIEHLMAN.*—Not necessarily in the present appli- 
cation of the method. We have dealt with the comparative dispersion 
rates of colored pigments in oil throughout a paint medium and } 
therefore the particular vehicle in which the colored pigment is ground 
as well as the consistency of the paint medium become influential 
factors. 

Mr. RANKIN.—-What would be the effect then of various type 

iron oxides as to rate of dispersion? 
Mr. DreHLMAN.—We have covered to some extent in this paper 
_ the dispersion rate of different iron oxide pigments in oil, for instance, 
French ocher as compared with raw sienna, etc. If reference is being 
_ made to the possibility of applying this apparatus to show differences 
in fineness of dry pigments, I might say that we are contemplating 
_ additional work of this type where the comparative degree of fineness 
_ will be obtained from the dispersive rate in a common, neutral good- 
wetting vehicle. 

Mr. G. E. WALKER.*—That 27 r.p.m. is quite interesting. 

Mr. DreH_tMan.—The 27 r.p.m., the 12-deg. set of the mixing 
tube holder, the size and amount of lead shot, all required considerable 
trial before adoption. The degree of set was established by introducing 
lead shot and clear fairly viscous mineral oil into the glass mixing 
tube, placing this in the holder set in a vertical position and then 
- rotating slowly enough to observe if uniform distribution of the shot 
_ was being obtained. When the 12-deg. set accomplished this purpose, 
_ both paint and color in oil were tried and by repeated trial the speed 
_ of rotation and the size and quantity of lead shot required for uniform 

distribution were obtained. 


4 
Production Engineer, St. Joseph Lead Co., Josephtown, Pa. 
Research Laboratories, National Lead Co., Brooklyn, N. Y. 
Fis * Technical Director, Southern Mineral Products Corp., Piney River, Va. sat Pak 
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A DISCUSSION OF THE ACCURACY AND UTILITY OF © Se ; 
METHODS OF TEST FOR MASS TONE AND TINTING . 
STRENGTH OF DRY COLORS 


SYNOPSIS | 
A survey is made of the Society’s proposed Tentative Method of Test for 
Mass Color and Tinting Strength of Dry Color Pigments or Pastes? and several 
changes in apparatus, methods, and materials are recommended. The con- 
clusions include changes as suggested by a number of color laboratories. 
Experimental data include the testing of several typical dry earth colors 
with a study of the effect of variations in testing conditions. Photo-electric 
spectrophotometric equipment was used for brightness and color measurements 
in the determination of the effect of the number of grinding mulls and the 
consistency of the test paste on color and tinting strength. Properties of 
representative plant grinds of the same pigments were compared with the test 
data to ascertain the testing conditions most closely approximating practical 
plant conditions. Curves and tables are given to illustrate the experimental 
data, and to demonstrate that testing conditions must be closely controlled to 
obtain duplicate results. 
It is suggested that a similar study be made of all groups of dry earth colors 
before definite requirements be approved. 


Any acceptable routine testing for mass and 
tinting strength must be so designed that unskilled operators can 
check each other within a reasonable degree of accuracy. The test 
should also require a minimum amount of time. Any procedure which 
might show variations should be eliminated and short cuts, even at 
the sacrifice of extreme accuracy, seem desirable. 
It is not proposed that the Society’s proposed Tentative Methods 
of Test for Mass Color and Tinting Strength of Dry Color Pigments 
or Pastes (D 387), being recommended this year by Committee D-1,? 
should be used in evaluating any but the same type of colors. It is 
operative only with those colors of approximately the same chemical 
composition, saturation, hue, and brightness. The relative quality 
of colors having widely different properties require methods of test 
completely beyond the scope of these tentative methods. 
In the following discussion, an attempt is made to show the 
inaccuracies and inconsistencies of the methods under consideration. 


1 Director of Research, C. K. Williams and Co., Easton, Pa. 
2 Proceedings, Am, Soc. Testing Mats., Vol. 34, Part I, p. 871 (1934). 
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Methods for improving the present procedures in both accuracy and 
speed are suggested. 


APPARATUS AND MATERIALS RECOMMENDED 1h 
A pparatus: 

The Balance.—The tentative method as modified requires a regula- 
tion laboratory balance. No sensitivity is proposed. J. D. Todd of 
the Sherwin-Williams Co. suggests that the sensitivity of the balance 
be to at least 1 mg. 

Grinding Instruments.—The texture, fineness, and consistency of 
the natural earth pigments are important to both color manufacturers 
and consumer. An experienced operator, using a spatula, is capable 
of making a quick, approximate appraisal of the properties of texture, 
fineness and consistency. In such instances, the spatula serves a very 


> 


Table 


Steel, 


/late 


} pee purpose but it cannot be recommended for general use because 
much experience is essential before it can be handled effectively. 

. Rubbing Surface —The texture of the rubbing surface apparently 
may vary considerably without affecting, materially, the accuracy of 
the test. As long as the two samples under test are both rubbed on 
_ the same surface, the results should be comparable. A series of tests 


and newly ground glass surfaces. In no case was the difference greater 
than 2 per cent. 


French Scraper.—Mr. L. J. Venuto of the Binney & Smith Co. has 


. wu A the French scraper. A sketch of this apparatus is shown in Fig. 1. 
ee The instrument consists essentially of a rigid steel plate to which 
is attached a spring steel blade as indicated in the drawing. Guides 

are attached to the sides, their function being to guide the glass slide 


or tin plate against the spring blade which is maintained to a constant 
Gi 
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pressure by means of adjusting screws. Venuto reports several years’ 
experience with this instrument and claims his results to be entirely 
satisfactory. It has a number of attractive features and overcomes 
inaccuracies in the present procedure and is, therefore, worthy of 
serious consideration in place of the French scraper now recommended. 

Sheets of Flat Glass or Flexible Celluloid—Thin gage stainless 
steel or nickel, 3 in. square, with one corner turned up for ease of 
handling, would seem more durable than glass or celluloid. 


Materials: 


Linseed Oil.—Heat-bodied oils are to be avoided because of 
excessive strength development of colors of hard texture because of the 
high consistency of such oils. 

Zinc Oxide Paste-—A. F. Brown, of the Imperial Color Works, in 
his comments on the tentative specifications, states that although 
the pastes recommended work well, the laboratories of his company 
have found a paste of 25 parts of heat-bodied oil of ““O” Litho varnish 
consistency and 100 parts of Green Seal zinc oxide by weight to be 
more simple to prepare, and there is no separation of pigment and oil 
on aging. 


RECOMMENDED PROCEDURES FOR Mass COLor AND TINTING STRENGTH 
Mass Color: 


In the schedule for pick-ups, a pigment demanding 50 rubs is 
to be picked up after each 15 rubs. Since 50 is not divisible by 15, an 
odd number of 5 rubs remains. Therefore, 60 mulls, which is divisible 
by either 15 or 20, is recommended. 

In a letter to the author the questionable value of the test for 
floating and bronzing is pointed out by A. F. Brown. The behavior 
of this phenomena is dependent on the type of vehicle used. This test 
pertains to a particular application of any color and seems to be out of 
place in this tentative specification. It is recommended that it be 
dropped. 

Commercial paste colors very often contain combinations of 
heavy bodied linseed, soya bean, poppy, corn, tung and linseed oils. 
Colors ground in such combinations flood excessively. This flooding 
renders any mass color determination totally unreliable and inaccurate. 


Tinting Strength: 


The present schedule for the reduction of high-strength carbon 
black, lampblack, and ordinary carbon black calls for a reduction of ° 
20 to 1. These pigments have very high tinctorial value and the 
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would be greatly increased if the reductions were made at 50 to 1 
instead of 20 to 1. The brightness of a 20 to 1 reduction of these 
blacks is very low and the saturation high, making observation of 
small differences questionable. 

The evaporation of the solvent, when Japan colors are subjected 
to the atmosphere, makes impossible the accurate weighing of such 
colors containing solvent. Inaccuracies are thus injected into the 
tinting strength determination rendering it unreliable. 


Apparatus and Procedure: wat 

For the rub-up of pigments, the A.S.T.M. recommendations 
were followed. A ground glass slab, 3-in. muller, refined linseed oil, 
Brown burette, zinc oxide paste, etc., were employed in the testing. 
An unweighted muller was used with a pressure of 10 lb. applied by 
the operator. Let-down tests were weighed on a flat glass, and mixed 
on the same glass to avoid loss. 

For the determination of brightness of let-downs, a photo-electric 
photometer was employed. The assembly consisted of a light source, 
color filter to correct to the visual spectrum, and an American Photo- 
electric Corp. photo-electric cell using two stages of amplification. 
The light source was hemispherical, and arranged so that two samples 
—the standard and the sample under observation—could be shifted 
into place for quick comparative readings. The correction filter was 
a solution of potassium dichromate and copper sulfate, in such pro- 
portions as to correct the particular photo-electric cell to the same 
sensitivity as the eye. 

For color analysis, an assembly similar to the above was used 

_ with the substitution of a spectrometer for the filter. This enabled 
_ the experimenter to measure reflection at any specified wave length 
of light. 

- In brightness determinations, a particular sample was chosen as 

_ standard and all others in the test series referred to this standard. 

In color analysis, a magnesium carbonate block was used as the 


All measurements were made of the paste surface and not through 
glass. 


Plant versus Muller Grinding: 


Some knowledge of the ease with which any color can be dispersed 
in oil and the susceptibility of any color to grinding energy is helpful 
in evaluating that color. Some relation between the tinctorial de- 
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velopment of a color by practical plant grinding and tinctorial develop- 
ment under the muller is desirable. To establish this relationship 
experimentally, samples of colors in oil were procured from four lead- 
ing paint manufacturers. Of the many samples tested, four have 
been chosen to illustrate the relation between plant grinding and 
muller grinding. The plant production data on these samples are 
given in Table I. 


Effect of Mulling on Tinting Strength and Comparison with Mill 

Grinds: 

To determine the effect of mulling on tinting strength, umbers A 
and B, and Venetian reds A and B were mulled from 0 to 300 times 
and the tinting strength determined by measurement of brightness of 
the sample, and a comparison of the brightness figure was made. 
The results of these tests are shown in Fig. 2. 


TABLE I.—PLANT Propuction Data. 


Plant 
Paste Sample 


Pigment 


100 
100 


100 


100 


The let-down in zinc oxide paste was 20 to 1, and the pigment- 
oil ratio the same as the plant samples wbove. . It will be noted that 
the plant samples are equivalent in tinting strength to the following 


MULLS EQUIVALENT 
To Plant GRIND 


With the exception of umber B, the plant grind was far inferior 
to that obtained by a minimum of mulling. It may be that the pig- 
ment-oil ratio information supplied with umber B was incorrect. It 
will be noted that 60 mulls approached the point of ultimate strength 
development, while above 100 mulls there is very little further 
development. 
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In all these tests the 60-mull sample was considered to be 100 per 
cent tinting strength and all other samples compared to it. 

A comparison of the Venetian red graph with the burnt umber 
graph in Fig. 2 shows that the natural earth color responds in tinc- 
torial development to a greater degree than the synthetic Venetian 
red. The tinting strength of the umber increases from 40 to 110 per 


“Burnt ‘ 


Plant Grind 


Plant 
Grind. = 


Venetian Red <ennan Red B er Wa 


Plant Grind 


‘to of Mulls 
2.—Effect of Mulling on Strength, 
cent or 70 points with 100 mulls while the Venetian red increases 
from 60 to 100 per cent or 40 points with 100 mulls. The texture of 
these two pigments is very different. The umber is relatively large, 
irregular, and harsh, while Venetian red is fine, uniform, and soft. 


The agglomeration and particle size distribution of paste samples 
of burnt umber B with no mulling, 60 mulls and 300 mulls as com- 
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pared to a plant grind of the same color is shown by the photo- 
micrographs in Fig. 3. The particle dispersion and agglomerate break- 
down of the plant grind sample appears to be equivalent in dispersion 
and breakdown to the color paste mulled 60 times. The curve for 
burnt umber B, Fig. 2 shows the tinting strength of the burnt umber B 
plant grind to equal a 60-mull grind of the dry burnt umber B in oil. 
The photomicrographs therefore check the tinting strength tests with 
dispersion. It should be observed that the burnt umber B dry sample 


mixed in oil with no mulling shows very poor dispersion, whereas the 
same sample mulled 300 times shows excellent dispersion. 

A. F. Brown of Imperial Color Works, L. W. Ryan of United 
Color and Pigments, and Seviere Bonnie of Kentucky Color Works, 
report that the number of mulls specified in the rub-out schedule of 
the tentative specifications represent approximately the grinding 
which the chemical colors get in practical plant production. J. A. 
Todd of Sherwin-Williams Co. reports 200 mulls of an American 
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vermillion equivalent to a plant grind. It would be well if these 
inconsistencies were checked experimentally. Standard Ultramarine 
Co. reports the tentative specifications as drawn for ultramarine blues 

to be entirely satisfactory. 


Effect of Consistency on Tinting Strength: 


Tests were made with umbers A and B and Venetian red B to 
determine the effect of consistency of the paste under a muller on the 
tinting strength developed. In each series, the pastes were tested from 
as heavy a paste as it was possible to work under the mullers to a 
paste so thin that it ran from under the muller. The latter paste 
may be described as “soupy.” The pigment-oil ratio as shown in 
Table I, with 60 mulls, was set up as a standard of 100 per cent. 


02 04 O68 08 10 Le 14 
Grams of Refined Oil per Gram of Pigment “ S| 
Fic. 4.—Effect of Consistency on Strength. 


When the amount of oil used was less than the amount used in the 
standard pigment paste, an additional portion to bring it up to that 
quantity was mixed in the paste after mulling. When the amount of 
oil was greater than the amount in the standard, a correction was made 
in weighing the pigment paste; thus, the same amount of dry pigment 
was present. The results are graphically shown in Fig. 4. 

In each case, the maximum strength was developed with a very 
heavy consistency paste. There appears to be a definite point of 
consistency at which maximum grinding action takes place, and 
beyond this, higher consistency .does no further good. In the case of 
umber A this point is 0.7 g. of oil per gram of pigment, umber B 0.7 g. 
of oil per gram of pigment, and Venetian red B 0.3 g. of oil per gram 
of pigment. 

The ideal conditions for testing would be in the flat range of 
each curve. Slight differences in consistency would then not inject 
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an error into the test. Unfortunately consistencies in this range are 
heavier than can well be worked under the muller. The pigment-oil 
ratios recommended in the proposed tentative methods which work 
well under the muller come as close to the ideal as possible. These 
points are on the steep slope of each curve and show the necessity of 
working at equal consistency for accuracy. Some simple and workable 
method — of actually measuring the consistency of the ‘paste to be 
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Hie 3 5.—Effect of Mulling on Color and Tint. 
tested would be a real contribution to the specifications. The iron 
oxides and earth colors vary more in oil absorption than any other 
classification of colors. Large errors can be injected into the mass 
color and tinting strength results unless adjustments to equal con- 
sistency are made for variations in oil absorption. 


Effect of Mulling on Color and Tint: 
To test the effect of excessive mulling on color and tint, a domestic 
ocher was chosen as the test pigment. 
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and 300 times using the quantities of 1 g. pigment and 0.55 g. oil. 
The color change was measured spectrophotometrically as indicated 
on the two lower curves of Fig. 5. It will be noted,that excessive 
mulling decreases the percentage of true yellow, but increases that of 
red and green. This indicates a muddying of the color, a fact known 
to color testers. 

The color pastes were mixed with zinc oxide paste in a 10 to 1 
let-down and the color measured as above. The material mulled 300 
times is naturally less bright because of its increased tinting strength, 
but it is also proportionally higher in the green and red portions of 
the spectrum, indicating the same effect of excessive mulling on tint 
as on color. 

——/0g oride +0. 7g. o1/ 
—--/0g oxide +0 4g. oil 


Reflection, per cent 


450 500 550 600 680 00 


Wave Length, myz 
Fic. 6.—Effect of Consistency on Color. 


The contour of the tint curve in Fig. 5 does not conten re 
with the color curve, particularly in the range between 575 and 650 muy. 
This difference can be attributed to the influence of the zinc oxide in 
the tinting paste as the brightness of the zinc oxide in this range is 
at its highest point. 

The upper curve is merely that of the zinc oxide paste for com- 
parison. Because of the low opacity of the zinc oxide paste, it was 
necessary to back the sample with a magnesium carbonate block which 
is the reason for the brightness of the zinc oxide being higher than 
normal. 


Effect of Consistency on Color: 

A light red pure iron oxide was used to test the effect of consistency 
on color. This material was mulled 60 times with 0.4 and 0.7 g. of 
refined oil and a color analysis made of each sample. With a smaller 
quantity of oil, it will be seen, as shown in Fig. 6, that the brightness is 
lower by a considerable degree. 
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The above change is found, with change in consistency, when a “ 
almost any color is tested. In the case of blacks, the heavy consistency __ 
pastes cause the mass color to appear gray. The thinner the black 
paste, the more dense the mass color. 7 
At the peak of the curve in Fig. 6, that is, at 700 my, the low 
consistency paste shows a brightness of 26 per cent; the high con- 


per cent. Assuming that 26 per cent is the maximum brightness of 
the sample, the actual difference in brightness due to change in 


consistency is or 11.52 per cent. 

1. The balance recommended should have a specified sensitivity 


of 1 mg. 

2. For general testing, the muller is recommended rather than 
the spatula. 

3. The texture of the rubbing surface has little, if any, bearing 
on the results of mass color and tinting strength tests. 

4. A new smoothing and leveling device, to take the place of 
the French scraper, is proposed by L. J. Venuto. 

5. Nickel or stainless steel weighing plates are recommended in 
place of glass or celluloid. 

6. Heat-bodied oils are to be avoided in mass color and tinting 
strength tests because of high consistency. 

7. A zinc oxide paste of 25 parts heat-bodied linseed oil of 
“OQ” Litho varnish consistency and 100 parts of Green Seal zinc oxide 
is proposed in place of the paste formulations given in the tentative 
methods. 

8. In the schedule for pick-ups, those pigments requiring only 
50 mulls should be given 60 mulls to avoid an odd number of mulls, 
if intervals of 15 mulls are specified for each pick-up. 

9. The floating and bronzing test recommended seems to be out 
of the scope of the tentative methods and should be dropped. 

10. Because commercial pastes are formulated with a mixture of 
drying and semi-drying oils, which cause flooding of the color, mass 
color tests on these pastes are inaccurate. 

11. For greater accuracy, the let-down of the high-strength 
carbon pigments should be 50 to 1 rather than 20 to 1 as recommended 
in the tentative methods. 

12. In most cases the tinting strength development of the iron 
oxides and mineral earth colors with 60 mulls is greater than the 
tinting strength development of the _—- grinds of these colors. 
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13. One hundred mulls of the iron oxides and mineral earth 
_ colors give almost optimum tinting strength development. 

14. The natural earth colors respond to the grinding action of the 
muller to a greater degree than do the synthetic iron oxides. 

15. The photomicrographs showing the dispersing action of the 
_ muller check the curves showing the increase in tinting strength with 
increased number of mulls. 

16. High-consistency pastes develop tinting strength under the 
muller more rapidly than low-consistency pastes. All tests for tinting 


e strength should be run at the same or equal consistencies. Adjust- 


‘ments should be made for similar colors having widely different oil 
absorptions. 

17. Japan colors contain volatile matter, the evaporation of 
which makes accurate weighing impossible. Consequently tinting 
strength tests of these colors by the recommended procedure in the 
tentative methods would be unreliable. 

18. Excessive mulling will change the mass color and tinting hue 
of many iron oxide colors and some chemical colors. 

19. Although all chemical color producers are not agreed that 
the proposed schedule of rub-up approximately compares with plant 
_ grinding, the general consensus of opinion is that it does. 

20. Almost all colors become less brilliant and consequently 
darker in mass color as the concentration of the color increases in a 
given amount of oil. Black pigments become more dense as the 
pigment concentration is decreased in a given quantity of oil. The 
above statements are particularly true of the high pigment - low oil 
ratios. All colors to be tested for mass color should be run at the same 
or equal consistency. 

21. The above discussion and experimental data serve to show 
the many variables encountered in testing colors. A thorough investi- 
gation of the behavior of all types of colors to these variables will be 


vy necessary before practical and workable specifications can be justly 
approved. 


Acknowledgment.—The author wishes to acknowledge the assist- 
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° Mr. A. F. Brown.'—In some of the industries, particularly the 

" printing ink industry, heat-bodied oil is used exclusively in testing 

g color, because it is the principal vehicle used in manufacture, so I 

_ do not agree with Mr. Ayers’ suggestion that heat-bodied oil not be 

i] used—TI think it would have to be used because it has quite a lot to 
do with the apparent shade. 

of In view of the fact that the Society is interested in having its 

g methods generally applicable and inasmuch as the printing ink in- 

ws dustry is a big consumer of color pigment, there should be additions 
to these specifications outlining general methods of testing that would 

is be satisfactory to the printing ink industry as well as to the paint 
industry. Of course the printing ink man has in mind the applica- 

at tion of an infinitely thin film to a sheet of paper and very often the 

~ color efiect of the same color will be entirely different if drawn out on 
paper as compared with the pastes on a slide. In our laboratories, 

ly in testing a color to be used in printing ink, we draw down a very thin 

. film on paper, and heat-bodied oil is used as the vehicle. I think 

he before this proposed method is adopted another column should be 

he added indicating the amount of-color and “‘ varnish”’ required to make 

vil these different inks so that the method may be applicable to printing 

- inks as well as to paint. 

Mr. R. D. Bonney.2*—In establishing specifications, I believe 

- that sometimes we overlook the fact that materials for which we are 

ti- drawing specifications are not used exclusively in the paint industry 

be or in the varnish industry. I believe that in the work of Committee 

ly D-1 it should be recognized that the materials with which we are 
working are used for a number of different purposes other than for 
making colors in oil or mixed paint. In the case of pigment, different 

st- vehicles give entirely different results on tests used in specification 

ve work. I believe the committee should recognize that for different 


industries, different types of test are necessary. It would be well 
worth while to attempt to work out satisfactory testing methods for 
the various uses to which the products are to be put rather than having 
constantly in mind the drawing up of requirements for paint uses 
alone. 


1 General Manager, Imperial Color Works, Glens Falls, N. Y. 
of Congoleum- Nairn, Inc., Kearny, N. J. 


. 
> 


510 Discussion oN TES 


Mr. Brown.—Our experience indicates that probably 80 or 85 
per cent of the total color consumption of the country, excluding black 
; and white, is used by the paint and printing ink industries, using the 
_ term paint in a very general sense to mean industries that will test 
a the same as the paint industry—the linoleum industry, for example. 
i If an attempt is made to draw up specifications for some of the smaller 


consumers, it will be an almost endless job. We are constantly con- 
fronted with that problem; we have certain customers who use a 
color in a particular manner, so we assign a special number to those 
colors and outline the tests that that particular customer requires. 
For example, if a man is going to use a color for crayon instead of 
rubbing it in the oil and drawing it out on paper, as we would do for 
printing ink, we make a small wax crayon and then we make one with 
the standard color, and see if they “‘write’’ the same. For carbon 
paper consumers we make a carbon paper on a small scale, etc. I 
doubt very much if it is feasible for the Society to provide for all 
those different industries, but it is something that might be worth 
while. The printing ink manufacturers are now drawing up a speci- 
fication for themselves along the same general lines as that for the 
paint industry, because there was none that could be considered 
standard. I know of no other industry that has drawn up any special 
specifications, but we do have to make up vehicles from dextrine, 
¢ starch, gum arabic, etc., for particular customers, because different 
vehicles give different effects. 

Mr. R. H. SAwyer.’—A question of detail—how were the 
5-u sections for the photomicrographs secured? 

Mr. W. J. Latrmore.*—The sample of the paste as mulled up 
was taken and a small daub covering an equal area in each case was 
placed on a slide. A cover glass was placed over the daub. Then, 
by taking a thin strip of rubber or a piece of inner tube and wrapping 

_ it around the index finger, the cover glass was pressed down and the 
daub squeezed out. This gave a smear that was wedge shaped, the 
thinnest portion being in the center. The slide was then placed in 
the microscope and the depth measured by focusing until an area 
5 mw in depth was found. The photomicrograph was made at this 


Mr. G. F. A. Stutz.*—I should like to have Mr. Love elaborate 
on conclusion No. 16 of the paper which states that “‘All tests for 
tinting strength should be run at the same or equal consistencies.” 
3 wonder if he would indicate what the tolerance is? = Oe . 

= 
' 1 Chemist, Krebs Pigment and Color Corp., Newport, Del. ——— te 
?C. K. Williams and Co., Easton, Pa. ! 
3 Chief, Pigment Research Division, Research Division, The New Jersey Zinc Co., Palmerton, Pa. 
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Mr. C. H. Love.'—In the dry color field, pigments are encoun- 
tered which vary widely in oil absorption. In such cases it would 
be necessary to make a preliminary oil-pigment rub-out to determine 
the correct working consistency, and then to proceed with the stand- 
ard test. In cases where the same pigment would be tested from day 
to day for manufacturing control or shipment, the pigment and oil 
would each be weighed or measured, and the test made as specified 
without adjustment. In the paper were mentioned two pure iron 
oxides, one of the precipitated and one of the calcined type. The 
first has an oil absorption of between 65 and 85 and the second, 
between 20 and 30. If not adjusted to nearly equal consistencies the 
tests on these two pigments would not be comparable for either color 
or strength. 

Mr. Stutz.—In case the tables given were somewhat enlarged 
to include the two types of iron oxide, or to include any other pig- 
ment, would that point of widely differing consistencies be met? 

Mr. Love.—I believe it would, and in the work we are carrying 
out we aim to cover all the different pigment groups and eventually 
to present these data. We have already determined that on a number 
of pigments the number of mulls should be reduced from 100 to 60, 
and we plan to determine the correct figure for all pigment classes. 

Mr. A. E. STAUDERMAN.*—In conclusion No. 7, I notice that a 
zinc oxide paste of twenty-five parts heat-bodied linseed oil of “‘O” 
Litho varnish consistency and 100 parts of Green Seal zinc oxide, is 
recommended instead of the paste formulations specified in the 
Society’s method. Formulas for both types were given and it is 
merely a question of which is wanted. It has been our experience 
that paste made with all heat-bodied oil or blown oil of any type 
makes stringy paste, which makes for considerable difficulty in weigh- 
ing without stringing over the balance pan. We prefer the short 
buttery paste for that reason. 

Mr. Brown.—In our own laboratories we use the formula 
suggested, twenty-five parts of heat-bodied linseed oil of ‘““O” Litho 
varnish consistency and one hundred parts of Green Seal zinc oxide; 
we do not have the trouble Mr. Stauderman spoke of, possibly for 
the reason that, in view of the large amount used in our routine work, 
when we grind the zinc oxide, we put it in tubes and squeeze it out 
just like one would tooth-paste. Possibly if we were taking it out of 
a wide-mouthed bottle or can, we might have difficulty. We found 
that if we ground it in linseed oil, such as raw or refined, we had a 


! Chief Research Chemist, C. K. Williams and Co., Easton, Pa. Me 
Director of Laboratories, Devoe & Raynolds Co., Brooklyn, N. Y. 
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separation after a few weeks. We do not have that separation with 
the heat-bodied oil. The other. formula contemplated, which in- 
cludes the use of soap, is perfectly all right. But in drawing up 
specifications, materials that can be found in every laboratory or that 
are easily obtained should be used, and heat-bodied oil is easily 
obtained. 

Mr. H. A. Netson.'—Referring once more to the zinc oxide 
pastes. Would the difference in dispersion, or the fact that there is 
better dispersion in the case of heat-bodied oil in any way affect the 
number of mulls required to obtain a certain tinting strength? 

Mr. Brown.—I do not think so, at least not with precipitated 
pigments. 

The thing to keep in mind in all this testing is not the theo- 
retical tinting strength of a color, but the practical tinting strength. 
It really disturbs me greatly when I go into paint factories and see 
the half grinds many of these expensive colors get. I have taken 
samples where 50 per cent of the tinting strength was undeveloped. 
The general scheme outlined has been used in our laboratory for ten 
years. When we began work on that method, our thought was to 
give a particular type of color the number of rubs which would be 
comparable to average economical factory practice. Probably not 
ten per cent of the color consumed is finely ground. Of course when 
colors are used in enamels they are ground fine, but I am speaking of 
the total color production. The result is that in determining the 
number of rubs we tried to make the degree of development comparable 
to the degree of development that the average plant would give it if 
it were running on a fairly economical basis. 

Mr. NeEtson.—In other words, it is entirely outside the dif- 
ference you might get due to differences in the dispersion of the zinc 
oxide? 

Mr. Brown.—We try to take care of that so that there is no 
variable by grinding on the roller mill, as we feel that we then have 
100 per cent dispersion. We probably do not get that, but the 
variable on the other is so much greater that any difference would 
not have a practical significance. 

Mr. STAUDERMAN.—I should like to ask one more question; 
conclusion No. 9 of the paper refers to tests that should be dropped. 

Mr. Love.—The reason for this recommendation is that the 
bronzing test is special and not general, and is dependent on the 
type of vehicle, type of pigment and other variables. It was felt 
that only general specifications should be included. It would be 


ame bb 1 Chief, Paint and Ceramic Research Division, New Jersey Zinc Co., Palmerton, Pa. co ae 
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better to allow special tests of this type to be arranged between 
manufacturers and consumers of the pigment. 

Mr. Brown.—Usually this bronzing and floating is a vehicle 
problem, not a pigment problem, and I think that it complicates the 
situation to consider it a pigment problem. Every day we see the 
same batch of some color that will float in one vehicle and will not 
float in another. 

Mr. STAUDERMAN.—But take, for instance, the manufacturer 
who is buying his material and has set up his standard of a special 
blue; this blue performs rather well in a given liquid, and a shipment 
this month might perform just as well as standard and next month 
you might notice a remarkable tendency toward bronzing. 

Mr. Brown.—That tendency, however, is not apparent in the 
wet paint. When I think of bronzing on a blue, I have in mind the 
metallic sheen that develops on weathering. We no longer make 
any blue comparisons in the paste form. Formerly we did so but 
found that the paste might look all right, but not the enamels made 
therefrom. In an enamel made of a very dark color, such as blue, we 
can see differences that are not apparent in paste comparisons. The 
bronzing will not be apparent in the paste, as the eye does not register 
it on a small expanse. But by painting out a considerable expanse of 
an enamel and paint, we can see differences that we would never see 
in the paste. 

Mr. Bonney.—<According to Mr. Stutz, with a white pigment 
of a certain type, variations in consistency make relatively little 
difference in tinting strength. On the other hand, Mr. Ayers’ 
paper shows that minor differences in procedure, in the vehicle used, 
in the amount of rubbing, make very large differences in tinting 
strength with the colored pigments. We may have perhaps six or 
seven white pigments as against 30, 40 or even 50 colored pigments 
to be tested for tinting strength. There is a real weakness in our 
testing methods for tinting strength of colored pigments. Mr. Ayers’ 
paper indicates that some 50 rubs on a muller develop as much or 
more tinting strength than will be obtained by the greatest amount 
of milling obtained in a plant by ordinary rolls. But in the laboratory 
we take a specimen and mull it 150 times. One pigment in 15 or 20 
mulls may develop the full tinting strength as much as will be secured 
in the mill. Another pigment may require the full 150 mulls to develop 
the tinting strength. The two pigments look the same on a laboratory 
test with 150 mulls, yet when put through the plant mill, one may 
develop half the strength of the other. 

- In addition to the number of mulls, we have the question of the 
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vehicle; we have carbon paper, printing ink, paint and only one test 
for tinting strength for color of pigment, anc. that is 150 rubs of the 
muller. I feel that we are decidedly weak on that point, since all the 
evidence indicates that 150 rubs of the muller do not give us a prac- 
tical relationship between the two pigments as they are used in our 
various processes, and I feel that we need additional work on testing 
methods for strength of colored pigment. 

Mr. Love.—Our plans for the future include the determina- 
tion of the various factors which Mr. Bonney has discussed, a few 
of which have already been referred to in Mr. Ayers’ paper. 


. {See also Discussion on Tinting Strength of White Pigments, 
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TINTING STRENGTH OF WHITE PIGMENTS 2 ; 


BY R. HL. Sawyer! 


SYNOPSIS 


This paper discusses the meaning and practical worth of tinting strength 
values for white pigments. It is shown that tinting strength does not afford a 
practical scale for the comparison of pigment types but does have more definite 
use in the routine comparison of similar pigments within a single pigment type. 
However, even with this limitation the tinting strenzth value frequently fails 
to be a good measure of hiding power. The best justification for the use of a 
tinting strength test as a measure of white pigment quality or uniformity appears 
to be the ease and speed of carrying out the test as a routine. The use of a 
simple test and the avoidance of certain unnecessary complications are favored. 


Ps, 


The tinting strength of a white pigment is regarded as an im- 
portant and significant property. Some determination of tinting 
strength is included in the evaluation of the great majority of pigment 
samples tested in the control and research laboratories of pigment 
manufacturers and users. A tinting strength test is a convenient 
test to use for judging the uniformity of production or shipment or for 
the evaluation of new pigment samples prepared in the course of pig- 
ment development research or offered to the pigment consumer. 

Several methods have been devised for the determination of the 
property described as tinting strength. Gardner«)? lists no fewer than 
nine. These range from the extremely simple, wholly practical to 
the cumbersome “‘exact.”” The problem of the selection of a suitable 
standard method has received the attention of the Society. Co- 
operative testing work carried out several years ago resulted in the 
adoption of the A.S.T.M. Tentative Method of Test for Tinting 
Strength of White Pigments (D 332-31 T).* A modification of this 
method is again being proposed.‘ 

The problem of the development or selection of a suitable method 
for the tinting strength determination is by no means simple. This _ 
problem has at least two important aspects: The practical one of 

1 Chemist, Krebs Pigment and Color Corp., Newport, Del. 


2 The boldface numbers in parentheses refer to the reports and papers given in the list of references 
appended to this paper, see p. 520. ——e 

* Proceedings, Am. Soc. Testing Mats., Vol. 31, Part I, p. 797 (1931); also 1933 Book of A.S.T.M. 
Tentative Standards, p. 525. 


4See Report of Committee D-1 on Preservative Coatings for Structural Materials, Prenelings, 
Am. Soc. Testing Mats., Vol. 34, Part I, pp. 400, 407 (1934). 
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determining the meaning of the results and the use to which they 
are to be put, and the theoretical or fundamental one of precision. 
In the search for precision the more important first aspect seems to be 
ignored. An analysis of the practical meaning and use of the test is 
desirable. 

The tinting strength of a white pigment is of considerable practical 
importance because it is conveniently determined and presumably 
affords an index of quality or uniformity. The practical use of tinting 
strength is, of course, predicated on the assumption that a higher 
tinting strength means a better or more valuable pigment. We may 
well ask, however, is a pigment of higher tinting strength a better 
pigment? 

The tinting strength is determined presumably by the light 
reflecting power of the pigment and is therefore allied to other optical 
properties of the pigment likewise dependent on light-reflecting power 
such as hiding power, brightening power (as defined by Haslam@)) 
resistance to slight contamination, and resistance to deep tinting. It 
is because tinting strength is closely allied with hiding power and has 
been assumed to be a measure of the latter that the use of tinting 
strength as a quality index has been justified. In fact, the present 
tentative method of the Society is supposed to yield results which can 
be calculated directly in terms of hiding power. 

There has been a considerable difference of opinion as to whether 
tinting strength is or can be a measure of hiding power. Hallettq) 
has held that there is a direct and quantitative relation, while Gard- 
nera), and Haslam«@) have maintained differently. It appears reason- 
able to believe that an exact parallelism cannot exist for practical 
purposes. One very important reason for this lies in the relation of 
each to brightness whereby tinting strength and hiding power change 
oppositely as brightness is changed. In addition, the initial brightness 
of a pigment need bear no direct relation to the brightness of the mix- 
ture in which it may ultimately be used, while this latter will have a 
very significant effect on hiding power. There are, however, very 
likely other fundamental reasons for a lack of a true direct relation. 
One such is very probably connected with particle size relations. 
The tinting strength test at present invariably uses a tinting pigment 
of finite particle size. This may easily result in the requirement that 
the optimum particle size to hide the tint to the maximum extent may 
be significantly different from that required to give best results in 
hiding a surface. Such an effect as this might be overcome by the 
use of a liquid tint of zero effective particle size. Other fundamental 
differences might also be cited. Still others may exist unrecognized. 
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Apart hetts: the fundamental reasons for the lack an a relation 
between tinting strength and hiding power there is the very practical 
consideration of the use of the pigment. What, for example, is the 
hiding power of titanium dioxide? Hallett) showed that the hiding 
power of titanium dioxide can be calculated from its tinting strength, 
measured in a specified way. He gave 115 sq. ft. per lb. as the hiding 
power. It has been shown, however, that hiding power is very 
definitely a function of conditions of measurement and particularly of 
concentration of the pigment in the film. We have found) that the 
hiding power of titanium dioxide can be varied 50 to 100 per cent 
within the practical limits of enamel or lacquer formulation. Jacobsen 
and Reynoldsis) have found the same general effect. The hiding 
power of titanium dioxide or of any other pigment is, within quite 
broad limits, what you wish to make it or, rather, is determined by 
the kind of paint in which it is used and the hiding power developed 
by the paint. These factors determine the concentration of the pig- 
ment which must be used. The concentration, in turn, determines 
the unit hiding power of the pigment—its efficiency. 

However, this is somewhat beside the point. We recognize that 
gross differences in tinting strength are indicative, qualitatively, of 
similar differences in potential pigment hiding power. These gross 
differences cannot be considered as quantitative and are, in fact, 
rarely so used. ‘Tinting strength as such does not provide a suitable 
scale for the comparison of pigments of different type. It matters 
little whether titanium dioxide has 6.0or 14.5 times the tinting strength 
of white lead—to quote extreme results in the cooperative work of 
1929 to 1930. The fact that titanium dioxide is 6.0 to 14.5 times better 
than white lead in tinting strength might persuade a paint man to 
try it but his decision to use one pigment in place of the other would be 
based on a trial in which tinting strength would play no part and 
hiding power would be subordinated to other general paint properties. 
This is true even for pigments as close together as the high-strength 
lithopones and titanium-calcium pigment which differ by some 10 
per cent in tinting strength. 

The most frequent use of tinting strength, however, is not for 
the estimation of gross differences between pigment types but is 
usually for the estimation of small differences within a single pigment 
class. It is here that the test serves as a handy tool. How accurately 
does tinting strength afford a prediction of pigment value in use? 
Does it detect non-uniformity with certainty, reject only the bad, and 
approve only the good? Here again we expect the test to predict 
hiding power value primarily. In this case the fundamental reasons 
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for discrepancy Still apply. Concentration effects in relation to hiding 
power do not apply particularly in this case. 

The work falls into three categories: Control of production, 
control of shipments, and guidance of research. For the control of 
production there does appear to be a useful relation between tinting 
strength and hiding power. The author has analyzed the results of 
tests on somewhat more than 100 samples representing three pigment 
types (each type considered separately) for which we have tinting 
strength and hiding power data. Tinting strength was determined 
by our standard laboratory method which very closely esembles the 
optional procedure in the present proposed tentative method. Hiding 
power was determined by a dry film method developed in the labora- 
tory of the Krebs Pigment and Color Corp... The samples were 
considered in four groups of twenty or more samples in each group. 
For each group a linear relation between strength and hiding power 
was calculated. The deviation of the individual samples from this 
linear relation was computed in terms of hiding power. The following 
table shows the frequency distribution of these devitations: La 


PER CENT FREQUENCY = PERCENT F ENCY 


Total observations = 107. ey raat 
Average deviation = + 3.4 per cent. 


From these data we see that tinting strength does, on the average, 
agree very well with hiding power. Consequently the average tinting 
strength of several samples might well serve for production control 
purposes in indicating uniformity or possible drift in quality resulting _ 
from a known process. However, a drift in hiding power could take _ 
place and still escape detection. This will appear more clearly in the 
following. 

The control of shipments received or the guidance of research 
constitute a different type of problem in that we are most frequently — 


concerned with single samples. In addition we may have no knowledge © ' 


of the history of samples or may know that they represent significant 
departures from normal operation. Inspection of the data above 
shows that individeeal semples may show deviations from the normal 
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relation of as much as 10 per cent. In fact, the original data show 
up to 18 per cent difference in hiding power at the same tinting 
strength, while differences of 10 to 15 per cent are not uncommon. 

We had occasion at one time to carry out an extended comparison 
of samples of pigment type prepared by two radically different meth- __ 
ods. In this case hiding power was measured by a dry film method © 
and also by the cryptometer. The pigments made by either method | 
showed a nice relation between tinting strength and hiding power but _ 
hiding power for the one method averaged about 15 per cent lowerthan __ 
for the other at equal tinting strength. 

Hiding power was measured by the cryptometer for a series of © 
laboratory pigments prepared to study the effect of a ‘single variable 
in the preparation of the pigment. A linear relation between strength __ 
and hiding power was found. However, four commercially prepared 
pigments of the same chemical composition and apparently similar _ 
pigment properties showed hiding powers 25 per cent lower than the — 
tinting strength — hiding power relation developed for the laboratory 
preparations would have indicated. 

We are therefore forced to conclude that tinting strength does — 
not afford a practical means for estimating with any certainty the 
quality in terms of hiding power of single pigment samples either in 
terms of a relation to supposedly similar samples or relation toa 
general type. The use of a tinting strength test in general issomewhat _ 
unsafe. Other practical tests should augment or supplant tinting 
strength. 

Despite the general insecurity of tinting strength results, the 
convenience of tinting strength tests will undoubtedly cause the 
rather general use of tinting strength to continue. What, then, con- 
stitutes the best type of test? Two factors at once come to the fore, _ 
convenience and reproducibility. The ideal test should be easy and | 
rapid, should not give unnecessarily misleading results, of course, 
and should be capable of giving reproducible results. No more in 
the sense of precision or exactness need be asked. Let it be recognized 
that from a practical standpoint an “exact” tinting strength and a 
comparison of pigment types in terms of tinting strength are 
meaningless. 

If these points are recognized, the measurement of tinting strength 
can be relieved of two features which have complicated the tentative __ 
method unnecessarily. These are the requirement of constant light 
reflection from the paste and equal paste consistency. For routine 
gradings it is much more rapid to use a standard series of pastes ae 
against which individual sample pastes are graded. Within a single 
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y pigment type this approximates constant light reflection more closely 
than tinting strength, measured either way, approximates hiding 


*. 


power. A method employing equal paste consistency introduces the 
additional uncertainty of the operator’s judgment, thereby reducing 
reproducibility and at the same time may distort the results in such a 
way as to decrease the chance of a correlation with practical value. 
On the other hand, the use of a constant ratio of pigment to oil is 
favorable to reproducibility and better conforms to pigment use. 

The choice of the tinting pigment is, perhaps, less important. 
However, it has been our experience that the use of ultramarine blue 
tends toward much better reproducibility in grading, decreases the 
disturbing effects of tint differences, and renders results less affected 
by differences in the wetting characteristics of the oil used. 

A clearer understanding of the problem of determining the value 
of a pigment in terms of its optical properties, will, I believe, lead to 
the conclusion that tinting strength does not afford a safe and satis- 
factory measurement. If, however, it is still desired to use tinting 
strength for control purposes, it should be done with caution. If 
tinting strength must be used, a simple test best serves the purpose 
and should be specified. Something similar to the optional procedure 
of the present proposed tentative method is adequate and satisfactory. 
The complications of the present tentative method should be elimi- 
nated and a practical method set up which will be fully as useful and 


certain as any method yet devised. 
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SYNOPSIS 


It is suggested that tinting strength of white pigments can be exactly 
defined only in terms of the method of test used in determining such strength. 
It is further suggested that the method is of value chiefly in determining the 
uniformity of successive shipments of material and should, therefore, be as 
simple and rapid as possible with accuracy. A study of the factors influencing 
the test includes a consideration of the incorporation of the pigment in the oil, 
the consistency of the pigment-oil mix, the magnitude of the tint, method of 
viewing, and the strength computation. The conclusions indicate that the 
optional procedure of the new proposed Tentative Method of Test for Tinting 
Strength of White Pigments is the most desirable method of test. 


INTRODUCTION 


The Society has defined tinting strength? as “ the power of coloring 
a given quantity of paint or pigment selected as a medium standard 
for estimating such power.” The use of the term “coloring” would 
give the impression that tinting strength is a property associated 
only with colored or tinted pigments but the definition may be, and 
has been, construed in broader terms to include white pigments. 
The conditions existing in such a mixture of white pigments have 
been considered by Merwin* and further by Briggs.‘ The real signifi- 
cance of this property with respect to white pigments has been the 
subject for considerable debate. Thompson’ has endeavored to 
rationalize the subject and to develop an equation representing the 
relationship existing between brightness and amount of tinting 
material. A relationship is found but it is entirely an empirical one 
relating only to a pair of white pigments. Judd in the discussion of 
Thompson’s paper has further discussed the factors involved and 
concludes with the observation regarding the Thompson relationship 


1 Chief, Pigment Research Division, Research Division, The New Jersey Zinc Co., Palmerton, Pa. 
2Standard Definitions Relating to Paint Specifications (D 16-24), 1933 Book of A.S.T.M. 
Standards, Part II, p. 735. 


*H. E. Merwin, “Optical Properties and Theory of Color of Pigments and Paints,” Proceedings, 
Am. Soc. Testing Mats., Vol. XVII, Part II, p. 496 (1917). 


‘T. R. Briggs, “The Tinting Strength of Pigments,” Journal of Physical Chemistry, Vol. 22, 
p. 216 (1918). 


5G. W. Thompson, “The True Tinting Strength of White Pigments,” Proceedings, Am. Soc. 
Testing Mats., Vol. 29, Part II, p. 924 (1929). 


*D. B. Judd, Discussion on Tinting Strength of Pigments, Proceedings, Am. Soc. Testing Mats., 
Vol. 29, Part II, p. 931 (1929), 
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that “it refers only to the precise method used for the mixing of the 
pigments.” It is evident that the results obtained in any determina- 
tion of tinting strength are dependent upon the method used. The 
effect of variations has been recognized and Brown! has discussed in 
detail some of the precautions necessary in carrying out the manipula- 
tion. Calbeck and Olander* have attempted to overcome variations, 
particularly those due to initial brightness of the pigment by the use 
of only a small amount of tinting material, measuring the brightness 
on the Pfund colorimeter. 

In view of the recognized effect of variations in procedure, it 
would seem to be most exact to define tinting strength, at least in the 
case of white pigments, in terms of the method of test uséd rather 
than in any general term such as given by the A.S.T.M. definition. 

With respect to white pigments, the property of tinting strength, 
as such, is only infrequently of interest. Occasionally manufacturers 
of cold water paints or of some special products require a measure of 
actual tinting strength of the white pigments which they use. More 
often the property is used only as a means of judging the uniformity 
with respect to optical properties of successive shipments of pigment. 
No importance can be attached to the determination from the stand- 
point of using it to judge the performance characteristics of a white 
pigment when that pigment is incorporated in paint. Moreover, 
most of the discrepancies to be found in tinting strength tests are due 
to an attempt to compare two different types of pigments, a comparison 
which is of questionable significance. 

In this paper, tinting strength is considered from the standpoint 
of its being a routine test used to judge the uniformity of successive 
shipments of one single type of pigment. It has been successfully 
used by both pigment manufacturers and pigment consumers for this 
purpose for a number of years. An attempt will be made to outline 
some of the factors causing inaccuracies in the method and to indicate 
the most satisfactory procedure to be used from the standpoint of 
both speed and accuracy. For the purpose of routine testing, a simple, 


te i i i 
accurate, and rapid method is required 
EXPERIMENTAL PART) 

Incorporation: 
Probably the greatest single factor influencing the determination 
is the method of incorporating the pigment in the vehicle. It is 


1A. F. Brown, ‘Pigment Colors and Their Use in Protective Coatings,’’ Paint, Oil and Chemical 
Review, March 5, 1924, p. 10, and March 12, 1924, p. 10. 
2 J. H. Calbeck and C. P. Olander, “An Application of the Pfund Colorimeter to the Determination 


of Tinting Strength of White Pigments," Proceedings, Am. Soc. Testing Mats., Vol. 22, Part Ii, p. 515 
(1922). 
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- common practice to use a sample of 2 or 3 g. of white pigment and to 
_ incorporate this on a rubbing surface consisting of a lithographer’s 
stone or a ground plate glass. Some operators use a flexible spatula 
with a 6-in. blade for the incorporation of the pigment in oil; others 
prefer a standard type glass muller having a grinding face of approxi- 
mately 3 in. in diameter. In some cases, the muller is weighted so 
that the pressure applied by the operator may be constant and uni- 
form. Experience in the laboratory of The New Jersey Zinc Co. 
indicates that the 6-in. spatula will give variable results unless used 
by an experienced operator. The results obtained by an operator 
using the spatula are of questionable value until the man has had at 
least three months’ experience. 

To determine definitely the effect, and relative value, of the 
several methods, five operators were asked to carry out the determina- 


tion on a sample of lithopone. The results obtained in this test are 
shown below: 


Method of Rubbing No. 1, 
per cent | per per rom per per 
100 100 105 102 105 
weighted muller, 100 rubs....................... 102 100 101 101 101 


In each case, a standard and the unknown are rubbed. Operator 
No. 1 is a man of long experience with all three methods and can check 
himself regularly within 1 per cent; No. 2 is also experienced in the 
determination but rubs samples only infrequently; No. 3 is a labora- 
tory technician, having no previous experience with the test; No. 4 is 
a college graduate and paint chemist, having no previous experience 
with the test and No. 5 is a physical chemist and Ph.D., having no 
previous experience with the test. Accepting operator No. 1’s results 
as correct, it is evident that the muller is superior to the spatula for 
an inexperienced man. The weighted muller offers no advantage 
over the regular muller. 

The results shown indicate that the lithopone used has a greater 
possible strength than is indicated by the normal amount of rubbing 
given the sample by operator No. 1. Other samples of lithopone 
and other pigments may have an even greater potential strength not 
indicated by normal rubbing. Extreme rubbing with the steel 
spatula or prolonged rubbing for a period of as much as 40 to 60 min. 

with the muller will bring out this potential strength in the pigment. 
| It may be argued that the ultimate strength is the only property 
P I1—34 
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_ which can be definitely determined since any intermediate amount 

of rubbing cannot be exactly defined. 

| However, this property of developing partial strength with normal 
rubbing and ultimate strength only with extreme rubbing is a char- 
acteristic of all pigments of the precipitated type, due to their aggre- 
gated structure. The degree of such aggregation may vary with 
different pigments, but it cannot be expected that it will be completely 
broken down with normal paint mill grinding. It would therefore 
seem to be more desirable to give the pigment a limited amount of 
mulling in an effort to approximate the incorporation resulting from 
the average paint mill grind. 


vif 


TABLE I.—TINTING STRENGTH DETERMINATIONS. 


Metuop oF DisPERSION PER CENT 


100 rubs, unweighted muller 100 ek 
5-min. rubbing, 15-lb. weighted muller 100 i 
Rubbing to peak, 15-lb. weighted muller (required 10 min.)....... 102to 103 
Laboratory mill, Buhrstone type (close setting) 102 to 103 


Laboratory roller mill (two passes) 102 to ae 


Basic CARBONATE OF WHITE LEAD (iw 
100 rubs, unweighted muller a 
5-min. rubbing, 15-lb. weighted muller 106 to 107 
Rubbing to peak, 15-lb. weighted muller (required 25 min.)....... 111 to 2 
Laboratory mill, Buhrstone type (close setting) 93 to 94 
Laboratory roller mill (two passes) 931094 


To determine the relationship between degree of mulling and 
paint mill incorporation, two pigments were ground in oil by five 
methods of dispersion and the relative tinting strength of the resulting 
paste determined. The results are given in Table I. 

Zinc oxide is an example of a pigment of minimum aggregation 
and of easiest dispersion. One hundred rubs with the unweighted 
muller are seen to be practically equal to maximum paint mill grinding. 
Basic carbonate of white lead, on the other hand, is an example of an 
extremely aggregated type of pigment and 100 rubs with the un- 
weighted muller are slightly superior to paint mill incorporation. 
Considering these two pigments as extremes, it would seem reasonable 
to use 100 rubs with the unweighted muller as an average for white 
pigments. 

_ Since the amount of rubbing or mulling is a definite factor in 
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determining strength, particularly with aggregated pigments, it follows 
that any set of conditions permitting the operator to do more work 
on the pigment will show a corresponding advantage for that pigment. 
If the pigment is rubbed in the form of a relatively heavy or thick 
paste, more work will be accomplished with 100 rubs of the muller 
than if the pigment were rubbed as a thin paste. A comparison of 
three samples of zinc sulfide of differing oil absorption rubbed with the 
same amount of oil was made to determine the magnitude of this 
effect. The results are shown below: 


O1 ABSORPTION, 


ML. PER 20 G. RELATIVE TINTING STRENGTH, PER CENT 
(GARDNER-COLEMAN) 5-MIN. RUBBING RUBBING TO PEAK 
Zinc sulfide No. 4.2 105 


All samples, by prolonged rubbing, attained the s same maximum — 
of 105 per cent. However, the highest oil absorption, forming the 
stiffest paste, showed the greatest strength after only 5 min. rubbing, 
indicating that more work of dispersion could be accomplished in the 
heavier paste. 

To determine further this effect of consistency of the paste on 
the development of strength, a sample of zinc sulfide, rubbed in each 
case for 5 min. with the weighted muller, gives the results indicated 
below: 


Drops oF ADDED TO Drops oF Or ADDED RELATIVE TINTING STRENGTH, 


Dry PIGMENT Paste AFTER MULLING PER CENT 


In each case the same total amie of oil is present in the final paste 
but the amount of oil present during rubbing is decreased. With the 
heaviest consistency paste an advantage of 4 per cent in relative 
tinting strength is indicated. It would therefore appear to be most 
desirable to rub all pigments at the same consistency in order to 
perform equal amounts of work of dispersion with a definite rubbing 
procedure. 

Since pigment dispersion is of major importance, the vehicle used 
may be expected to affect the result. The value obtained will there- 
fore be a function of the vehicle used. This variable has not been 
studied in this paper. A bleached linseed oil of acid number approxi- 
mately 5 has satisfactory dispersing power for the average white 
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Consistency: 

It is well recognized that the amount of oil used in making the 
determination or the consistency of the paste obtained has a definite 
bearing on the result. The addition of one drop of oil to the paste 
may make a difference of several per cent in tinting strength value; 
the thinner the consistency, the higher is the relative tinting strength. 
It therefore appears to be most desirable to determine tinting strength 
at constant or equal consistency. However, from the standpoint of 
the routine operator, carrying out the determination at equal con- 
sistencies is laborious and time-consuming. The paste when prepared 
must be judged by some consistency test in comparison with the 
standard and if it does not equal the standard, additional amounts 
of oil or of dry pigment must be incorporated until equal consistency 
is obtained. For exactness, the pigment should be rubbed again with 
the amount of oil found to be necessary. The consistency may be 
specified as the point at which the paste can just be thrown from the 
spatula by a gentle whipping motion of the hand or by tapping the 
spatula blade with the index finger. 

A much faster and simpler method of operation is to work at a 
constant pigment-vehicle ratio and take whatever variations in con- 
sistency may be obtained. To determine the magnitude of the error 
to be expected from the use of a constant pigment-vehicle ratio, two 
lithopones were selected representing the extremes in consistency 
characteristics of commercial material. Using the method of constant 
pigment-vehicle ratio, the thin consistency lithopone had a rating of 
101 per cent of the standard. The heavy consistency lithopone had a 
rating of 102 per cent of the standard. When the consistency of 
the heavy lithopone was reduced to equal that of the thin lithopone, 
by the use of additional oil, the heavy material had a tinting strength 
of 107 per cent or an increase of 5 per cent. 

In another case, two zinc oxides were selected representing the 
extremes in consistency characteristics for this material. Using the 
method of constant pigment-vehicle ratio, the thin consistency zinc 
oxide had a rating of 94 per cent of the standard. The heavy consist- 
ency zinc oxide had a rating of 106 per cent of the standard. By 
adding sufficient oil to the heavy consistency material to equal the 
consistency of the thin material, the rating was 113 per cent or an 
increase of 7 per cent. 

While this effect of consistency on rating may cause some differ- 
ences in absolute values, it would not appear to be of great importance 
in the routine grading of material since successive shipments of the 
same lithopone, zinc oxide or other pigments do not vary in con- 
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sistency over the range shown above. Because of the greater speed 
and simplicity it would therefore appear most desirable and within a 
reasonable limit of error to use the method of constant pigment- 
vehicle ratio rather than constant consistency. 


Tinting Material: 
Some operators prefer to use the tinting material in the form 
of a paste to be incorporated with the white pigment after it in turn 


has been ground into a paste. Whether or not the use of a paste of 
the tinting material is necessary is dependent upon the type of tinting 


1.0 
Brightness | Reletive Tinting Strength * 
—_ —— at Match, | Zinc Oxides Titanium Oxides 
per cent [No.l | No.2 | No! | Noe 
0.8 | 80 700 | 825 | 100 | 100 | 
75 700 | 105 = 
+ 70 100 | | 100 700 
5 | 60 | 100 | /23 | 100 100 
50 | 100 /20| 100. | /00 
0.6 t 40 700 | 120 | 100 | 100 
30. | 700 | i20 | 700 
VU 20 joo | 118 /00 
* Calculated from val btained from a large- 
04 
& Dioxide Nos./-2 
<inc Oxide No. 
| 
hcl il 40 80 120 160 200 240 280 
Parts Black per 10,000 Parts White Pigment 
Fic. 1.—Brightness of Several White Pigments to Which Varying Amounts of Black 
‘Tinting Material Are Added. 


material used. When using a dry tinting material and rubbing it 
with the white pigment, the tinting material must be readily dispersed, 
and made to attain ifs maximum strength characteristics with the 
normal amount of rubbing given. A comparison was made of the 
dry addition and the paste addition using ultramarine blue, a tinting 
material of good dispersion characteristics. The results were identical. 

It should be recognized that the use of different tinting materials 
may give somewhat different results. As an example, two samples of 
titanium dioxide used in this work were found to have identical 
strength, using black as the tinting material, but to have a difference 
of 10 per cent using ultramarine blue as the tinting material. Again 
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the results can be defined only in terms of the method of test used and 
therefore the tinting material should be definitely specified. 


Magnitude of the Tint: 


The magnitude of the tint obtained or the reduction in brightness 
obtained has been considered an important factor and it is proposed 
to conduct all determinations at the same brightness of tint with a 
reflection value of 20 per cent. It is found that with different samples 
of the same type of material this factor is of little importance, provided 
the brightness is within the range of from 20 to 60 per cent in reflection 
coefficient. The results obtained in determining the brightness of 
several white pigments to which varying amounts of black tinting 
material were added are shown diagrammatically in Fig. 1. Two 


TABLE II.—RELATIVE AccuRACY OF Two METHODS OF VIEWING. 


Revative TINTING STRENGTH, 


ViEweED THROUGH VIEWED AT 
GLass SURFACE 


Lithopone No. 100 
Lithopone No 100 
Lithopone No. : 108 
Lithopone No. 96 
Lithopone No. 98 
High zinc sulfide lithopone No. 1 99 
High zinc sulfide lithopone No. 2 96 
High zinc sulfide lithopone No. 3 100 
Zinc sulfide No. 1 99 
Zinc oxide No. 105 
Zinc oxide No. 108 
Zinc oxide No. 101 
Zinc oxide No. ’ 105 


samples of titanium dioxide from different manufacturers were deter- 
mined. Appreciable differences are found at high brightness, above 
80 per cent. Below 60 per cent brightness the curves are identical. 
Two zinc oxides representing the extreme variation to be found from 
the standpoint of both strength and method of manufacture were 
determined. Again at high brightness the difference is great, but 
below 60 per cent brightness the relative strength is constant. It 
should be observed that these curves for zinc oxide actually intersect 
or cross one another at about 75 per cent brightness. 

Similar curves have been shown by Bruce, Calbeck and others 
comparing various pigments, and the indications are that the strength 
characteristics determined at different brightnesses would be some- 
what different. It should be emphasized that this is true for a com- 
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parison of different pigments; for two pigments of the same type it 


appears to be of little importance. 
Method of Viewing: 


It is common to place the pastes on either a piece of clear colorless 
glass or bright tin. When judging color, it is recognized that viewing 


must be from the top or air interface. In the case of the — 
strength determination of colored pigments, it is generally considered — 
that top viewing is necessary. However, when viewed through glass, _ 
smaller differences are readily perceptible and it is therefore easier 
for the operator to carry out the determination. An accuracy of 


from 1 to 2 per cent may be expected when viewing through glass; 


from 2 to 4 per cent when viewing from the air interface. To determine j 


the effect of this factor, a number of samples were viewed both through 


the glass and from the top surface. The results are recorded in 


Table IT. 


It should be kept in mind that the strength determination when _ 
viewing at the surface is somewhat inaccurate. On this basis it would © 


appear reasonable to conclude that, in the case of white pigments, 
viewing through the glass gives the same order of results as when 


viewing at the surface, and because of the _— ease and accuracy, ~ 


this method is to be preferred. 


Because of the variation normally encountered due to differences 
in the brightness at which the determination is made, it has been. 
considered desirable to reduce the unknown sample in each case to a 
brightness common with that obtained with the standard. Tinting 
strength is then computed as the ratio of the amount of tinting material 
added to the unknown sample to the amount of tinting material added 
to the standard times 100. This method requires the addition of 
varying amounts of tinting material to the unknown sample until its 
brightness is adjusted to equal that of the standard with a fixed 
amount of tinting material. If only one sample is being determined, 
this method is as satisfactory as any. However, if several samples 
of unknown material are to be determined, the reverse procedure is 
more desirable from the standpoint of amount of work required. In 
this case, varying amounts of tinting material are added to the 
standard sample to give a series of standards. A fixed amount of 
tinting material is added to each of the unknown samples and each 
is compared to the most nearly corresponding standard tint. Tinting 
strength is then computed as the ratio of the amount of tinting 
material in the unknown sample to the amount of tinting material in 
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the standard sample times 100. In view of the constant brightness - 
2 tinting material relationship, indicated for any one type of material 
ff in Fig. 1, the results obtained by either method of computation should 
‘Ae be identical. Whatever variations are present are reasonably small 

and it would seem desirable to accept these in favor of the greater ease 
at and less amount of work involved in the second procedure. 


CONCLUSIONS 
es ; Considering only a comparison of two pigments of the same type 
a and method of manufacture and using the test only as a routine 
method of judging the uniformity of successive shipments of material, 
it is indicated that the following factors should be recognized in 
carrying out the method: 

1. Rubbing should be done with an unweighted muller, 100 rubs 
being used (2-g. sample). 

2. A constant pigment-vehicle ratio should be used. This ratio 
should be a definite quantity for each type of pigment. 

3. The coefficient of reflection of the tint should be between 20 
and 60 per cent. Some advantage in accuracy may be expected at 
the lower reflection coefficient. 

4. Viewing should be through clear colorless glass panels. 

5. Strength should be computed on the basis of variable amounts 
of tinting material added to the standard pigment. 


Acknowledgment.—The author wishes to acknowledge the assis- 
tance of Messrs. D. L. Gamble and C. W. Farber in preparing the 
data and discussion. 
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DISCUSSION ON TINTING STRENGTH 


OF WHITE PIGMENTS 


Mr. fr. RH H. Sawver.'—On page 523 of Mr. Stutz’s paper, he refers 
to tests with the spatula, muller, and weighted muller on lithopone. 
Lithopone represents a pigment already well dispersed in a medium 
of lower refractive index. If a prime pigment such as zinc sulfide or 
titanium dioxide were used, one would expect that differences in work 
done on the paste resulting in different degrees of dispersion of the 
prime pigment in the medium of lower refractive index would show up 
more effectively as differences in tinting strength. Thus, differences 
between operators found to be 5 per cent with the spatula in the case 
of lithopone might be expected to be quite a bit greater with the 
prime pigments. I should like to ask Mr. Stutz whether he has had 
this experience or whether in the absence of actual data he would not 
regard the work with lithopone as representing a favorable case. 

Mr. G. F. A. Stutz.2—We have not carried out the comparison 
of the spatula, muller and weighted muller with a prime pigment as, 
for example, with zinc sulfide and therefore cannot answer Mr. 
Sawyer’s question. If we may be permitted to express an opinion, 
we would expect that the differences would be even greater with a 
prime pigment such as zinc sulfide. 

Mr. A. F. Brown.*—If I may draw on our color experience, I 
would say that the stronger the potential strength of pigment, the 
greater the error when a spatula is used. We can make a fairly 
accurate test on a reduced green with a spatula, but if we take the 
pure form of that same color, we will have a very large error. I like 
to consider the muller as an instrument which enables one to apply 
with greater accuracy, the amount of energy used in grinding the 
pigment on the slab—trying to duplicate in a small way what the 
user does in a large way. With strong pigments (if we consider 
lithopone as a weak pigment as compared with titanium dioxide), I 
would think that in a strength test with a spatula, the error would be 
greater. 

Mr. Stutz referred to the question of consistency, and in this 
connection I am wondering if the white pigment industry might not 
use the methods we employ on some of our color pigments. In our 
routine work, the way we check consistency is to make an actual grind 


1 Chemist, Krebs Pigment and Color Corp., Newport, Del. 
2 Chief, Pigment Research Division, Research Division, The New Jersey Zinc Co., en Pa. 
General Manager, Imperial Color Works, Glens Falls, N. Y. 
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on a small roller mill. The small roller mill is probably one of the 
most useful pieces of equipment we have. Kent is now making a 
mill 3 in. in diameter and 5 in. long, and if we are trying to draw very 
fine distinctions between the relative oil absorption of two different 
pigments of the same type, we simply grind very stiff pastes using 
heat-bodied oil as the vehicle, and it is remarkable the minute differ- 
ences one can detect in this way. On these small mills two or three 
grams of material can be ground very accurately; I am speaking of 
a color that has a higher oil absorption than most of the white pig- 
ments, but enamels can be made with 5 g. and a formula worked out 
that can be used in making a 500-gal. batch. One can change from 
one pigment to another with no contamination. The mill is easily 
cleaned and is a most satisfactory piece of apparatus. 

Mr. G. W. THompson.'—May I make one comment on Mr. 
Stutz’s paper. In referring to the definition of color there was a 
slight slur on the definition of tinting strength; where the word 
color is used in that definition, it meant either chromatic color or 
achromatic color. The Optical Society of America has divided all 
colors into two classes, achromatic and chromatic. ‘The achromatic 
includes all whites, grays and blacks; the chromatic colors are those 
that possess hues. 

On the general question of tinting strength, I do not believe 
that any paint manufacturer or manufacturer of white pigments has 
ever had a more useful test for indicating the value of a white pigment 
and its deficiencies and for studying and improving his product. I 
know that has been the case with the National Lead Co. Nearly 42 
years ago that was one of the first tests I put into use, and it has been 
exceedingly valuable to us. 

We may ask what the factors are that determine tinting strength. 
And we might as well ask, along with it, what the factors are that 
determine hiding power. One of the factors is refractive index. 
Another factor is degree of fineness. We can take a comparatively 
coarse pigment and mix it as in a tinting strength test with some 
black or some blue, and put it through a grinding operation and it 
becomes lighter or brighter with continued grinding, so that we know 
that fineness is one of the factors in determining tinting strength. 
We know that brightness is one of the factors that determines tinting 
strength. We know that the refractive index and fineness are 
elements in determining hiding power. We know, however, that 
there is an inverse relation of brightness in these two tests as applied 
to white pigments; the brighter the pigment, the higher its tinting 


! Chief Chemist, National Lead Co., Brooklyn, N. Y. 
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power but the lower its hiding power. On the other hand, the lower 
the brightness of pigment, the greater the hiding power. Now that is 
apparently the only difference. I do not mean to say that we know 
all about tinting strength nor all about hiding power, but so far as I 
can see, that is the only element of difference. 

We should like to know more of what the effect of dispersion is, 
both on hiding power and tinting strength. Sometime it will-be 
determined just what that effect is, but it seems as though it ought 
to have the same effect on tinting strength as on hiding power. I 
cannot help but think that tinting strength as well as hiding power 
are methods of measuring the value of pigment. I know years ago 
Mr. F. G. Breyer impressed upon us that it is the physical character- 
istics of pigments that determine their value—not their chemical 
composition. Now certainly hiding power and tinting strength are 
physical characteristics just as specific gravity is. So too refractive 
index and fineness of division are physical characteristics. I do not 
think we have the final answer, but I cannot see why there should be 
any objection to the use of the tinting strength test in evaluing 
pigments. 

Mr. SAwYER.—Mr. Thompson points out that tinting strength 
and hiding power are alike in depending upon refractive index 
and fineness although not alike in relation to brightness. From this 
he infers that a measurement of tinting strength is equivalent to 
a measurement of hiding power. It is true that the two properties 
are alike in their gross relations to certain other properties of the 
pigment. However, we cannot escape the experimental evidence that 
this gross parallelism breaks down seriously in some cases. We do 
not know what factors to hold responsible but we have sound reasons 
for believing that hiding power and tinting strength as now measured 
are not necessarily parallel functions. Consequently the present 
tinting strength tests may lead to erroneous conclusions regarding 
the hiding power values of pigments. 

Thus the paint manufacturer may be led by tinting strength to 
accept inferior pigments or to reject superior ones. The pigment 
manufacturer using tinting strength as a guide in his work toward 
pigment improvement may secure improved tinting strength by 
sacrificing hiding power. 

Mr. Stutz.—As to the reason why this relationship is not exact 
and does not hold, it seems to me that the relative amount of pigment 
and of vehicle that is present in the two tests has some bearing. We 
know that a pigment becomes more efficient in both tinting strength 
and in hiding power as it is diluted down more, 
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Mr. THompson.—That of course represents another parallelism. 

Mr. Stutz.—Mr. Steele, of our laboratory, working with paper 
where the pigment is diluted down a great deal more than it is in the 
case of paint, has found that he can come much closer to applying 
the recognized laws of optics to the opacity concentration relationship 
that he gets, and it seems to me that, as we go up in the concentration 
of pigment, as we do in the tinting strength test, we are going more 
and more into the range where recognized optical laws do not hold 
and where the pigment is least efficient. That may possibly explain 
the discrepancy. 

Mr. THompson.—I should like to ask Mr. Sawyer, if I may, 
whether in making a tinting strength test, he adds, say, a small 
amount of black, does not the white hide the black in pretty much 
the same way that the white pigment would hide a black surface? 

Mr. SawyerR.—That of course is true. I am not denying a 
broad general relationship between the two, I am denying a useful 
practical specific relationship between the two, applying to individual 
samples or to different types of pigment, where pigments differ 
expectedly or unexpectedly in certain properties, many of which we 
do not measure. It is not for the pigment manufacturer to favor 
dropping the tinting strength test or to question it; the paint man 
should be the one to do that, because the tinting strength test may 
lead him into trouble. We can develop our pigment to improve 
tinting strength, but suppose we do develop it until we have secured 
considerably better tinting strength, is it not possible that in so 
doing we may have lost hiding power? Our pigment, after that 
development, is less valuable in use. 

Mr. A. E. JAcoBSEN.'—Mr. Sawyer believes that it is unsafe to 
use tinting strength for estimating hiding power. In order to deter- 
mine hiding power, some suitable method of testing hiding power must 
be employed. Otherwise it is impossible to say that the pigment 
showed a hiding power value 25 per cent lower than tinting strength 
in the tinting strength - hiding power relation. I believe there is less 
controversy in regard to tinting strength than there is with regard to 
hiding power. We have made a number of tests by different hiding 
power methods, and find that the hiding power value of pigments is 
dependent upon the pigment volume concentration. Tinting strength 
also depends on dilution. If that is the case, why is it not possible to 
have a tinting strength method, the results of which could be related 
to hiding power? I should like to ask Mr. Sawyer what he thinks of 
using the cryptometer as a method of test for use in the comparison 
of tinting strength with hiding power. 


7" 
1 Chemist, Titanium Pigment Co., Inc., New York City. 
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Mr. SAWYER.—As I understand it, the purpose of this discussion 
is to evolve ideas regarding testing methods in general which may 
direct possible future work along profitable channels. So far, we do 
not have a satisfactory hiding power method. However, if it is 
agreed that tinting strength is a poor method of testing for hiding 
power, that should serve to direct attention toward securing a better 
hiding power test. As to the relation between hiding power and 
tinting strength, it depends possibly on the method of test as to 
whether one gets a certain parallel relation. 

Answering Mr. Jacobsen’s question, I do not favor the use of the 
cryptometer as a method of test for hiding power. I favor the incom- 
plete hiding method. In the particular instances I am discussing the 
two give essentially similar results. 

I might add that in the cases which I cited, we were able to show 
a straight-line relation between tinting strength and hiding power for 
one group of pigments, and for another group of pigments. Taking 
two groups of lithopones that have been prepared differently, both 
gave straight-line relations by complete and incomplete hiding 
methods, yet the two straight lines were apart by approximately 
15 per cent. The results were such as to indicate that uncertainty in 
the tests was not responsible for the difference observed. 

Mr. THompson.—I should like to ask Mr. Sawyer a question; 
he said he feared that if he worked to increase the tinting strength, 
he might find that he had reduced the hiding power; has he ever 
come across a case of that kind where he had increased tinting strength 
and impaired the hiding power? We have found such a thing as 
fictitious hiding power or tinting strength. I do not want to go into 
the details of that, but in such a case you have done something else 
with the pigment besides increasing its tinting strength; you have 
increased its oil-taking power, in all probability, or its surface relations 
with the vehicle have been changed. I know of a pigment that will 
have 1500 tinting strength compared with white lead 100. Grind it 
and it goes down to 1000. 

Mr. SAwyER.—In the particular case I cited showing the differ- 
ence of 15 per cent between the two straight-line relations, the rela- 
tionship which gave high tinting strength and lower hiding power was 
an improved process, supposedly. In other words, using our lithopone 
scale, which puts lithopone at approximately 130 on the tinting 
strength scale, we could improve the tinting strength of lithopone to 
between 145 and 150, and yet find that it came out no better than 
equal in hiding power to the usual product. If we improved it to 
140, it was poorer in hiding power. If we had poor control of the 
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process and were not able to improve it beyond 140, we found in our 
tests that the hiding power actually was impaired by such work. 
In the case of lithopone there appears to be some indication that 
peak hiding power and peak tinting strength do not correspond in 
terms of the particle size or some other properties of the pigment, and 
consequently, as we approach the peak for tinting strength, we may 
move away from peak in hiding power. ‘That is largely speculation; 
I do not have much evidence to support it. 

I should like to raise one more point. It seems to be felt that in 
comparisons of white pigments, comparisons should be made at equal 
consistency. Mr. Stutz says in his paper that, “It therefore appears 
to be more desirable.”” He is merely repeating what may be the 
consensus of opinion in testing. I disagree—dealing, of course, with 
a single type of pigment. Slight differences in consistency will 
produce no difference in the use of the pigments, and in the case of 
paints prepared from pigment of slightly different consistency, the 
ultimate dry paint film laid down will be of the same composition, 
and will show no differences related to consistency differences of the 
initial pigment used. Large differences in consistency will be met 
by the paint man in making his paints by an adjustment of his paints 
with thinners, involving again no change in the ultimate dry film laid 
down. Consequently, I think that pigments within a given type, and 
speaking exclusively of white pigments, should be compared at equal 
pigment oil ratios as best paralleling use in practice. 

Mr. G. E. WALKER."—Three things should be considered while 
working out a new method of test. One is its effect on competitive 
selling; another is control of material in the process of manufacture; 
and the third is that of research test methods in general. The Society 
is interested in testing methods from all three points of view. The 
discussion would seem to me to indicate that tinting strength measure- 
ment has not gone beyond the research stage, or certainly not beyond 
the product manufacture control stage, requiring further research and 
study before developing into any form of specification. 

Mr. Stutz.—Is it not better to develop a test for measuring 
directly the property in which we are interested, rather than develop 
a secondary test for measuring indirectly that property, demanding a 
correlation factor? Specifically, are we not better off to develop the 
hiding power test? 

Mr. R. L. HAttett.2—Mr. Stutz has raised the question as to 
why we should develop a method for tinting strength in an attempt 


1 Technical Director, Southern Mineral Products Corp., Piney River, Va. 
2 Chemist, National Lead Co., Brooklyn, N. Y. 
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to interpret hiding power when we could perhaps develop a direct 
method for hiding power. If we could develop a quick efficient control 
and research test for hiding power, it would be very useful, but all of 
the hiding power methods that have been proposed are difficult and 
complicated. Tinting strength determinations on the other hand are 
quick and accurate and are being performed in large numbers every 
day in the laboratories of many paint and pigment manufacturers. 
The determination of tinting strength has been and continues to be a 
very valuable test for white pigments and is one of the principal tests 
relied on to control manufacture and maintain uniformity by those 
who make the pigments and to test the quality of deliveries by those 
who use the pigments. The consumer of white pigments may use 
tinting strength determinations principally to check deliveries against 
a standard, but even if the test is used in this way the consumer has 
always had in mind that tinting strength indicates something of value 
in the pigment. The tinting strength of a white pigment, if it is only 
a measure of tinting strength, is of no particular importance as no 
consumer buys a white pigment because of the amount of coloring or 
tinting material required to give certain tints in a paint mixture, but 
he does realize that tinting strength measures some pigment char- 
acteristic of real value to him, and that valuable characteristic is 
hiding power. In general the laws of optics apply equally to tinting 
strength and hiding power. Refractive index is obviously a factor in 
both tinting strength and hiding power and it is equally apparent that 
specific surface or particle size affects both of them in the same way. 
Initial whiteness or brightness of a white pigment introduces a minor 
discrepancy because increased brightness increases tinting strength 
and decreases hiding power, but if we are considering reasonably 
high-grade white pigments with good competitive color, slight differ- 
ences in brightness will become of theoretical rather than practical 
importance. Mr. Sawyer’s paper discusses the changes in unit hiding 
power of a pigment caused by variations in proportions of pigment 
and oil in paint mixtures, but such variations have a similar effect on 
tinting strength. We might sum up by saying that the same laws of 
optics apply to both tinting strength and hiding power of the white 
pigments with the singie exception of initial brightness, which is 
relatively unimportant in considering white pigments of good com- 
petitive color. 

It seems evident that tinting strength is a good practical measure 
of hiding power, even if it will not always measure hiding power in 
exact fundamental units and I think most consumers of white pigments 


conactouaty or unconsciously consider this relationship to be true and 
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value the tinting strength of white pigments for that reason. I have 
never known of a case where a white pigment with relatively high 
tinting strength did not have a correspondingly relatively high 
hiding power. 

Mr. Stutz.—lIf I understand Mr. Hallett’s remarks, the substance 
of them is that the experience of the National Lead Co. laboratories 
is that there is a definite relationship between tinting strength and 
hiding power, in spite of the experience of Mr. Sawyer that there is 
not. I should like to add that we can cite similar instances from our 
laboratory where the spread is 15 to 25 per cent. There may be 
something about the fact that these discrepancies have been found 
with lithopone. Our experience is that no parallelism can be drawn 
between the two tests, despite the possible inaccuracy in each test. 

Mr. THompson.—If we will distinguish between indication and 
determination, there would not be so much difference between us. 
In England many years ago and perhaps now, in reporting an analysis 
they frequently gave an estimation, not a determination; there is 
quite a difference between estimation or indication and determination. 
Later on we may be able to determine, but that is a very different 
thing from indicating. 

Mr. H. A. Netson.'—It seems to me that there is a difference of 
viewpoint that we must not forget. After all, we pigment manu- 
facturers are interested in improving our products and want to 
endow them with the ultimate of useful qualities, so we, of course, 
have to look at these things very critically. The paint manufacturer 
may or may not accept our efforts at the value that we place on them, 
but after all some of us have found that we do not have a safe guide 
in tinting strength and feel that we must pay more specific attention 
to hiding power. It may be that the paint manufacturer does not 
need to pay attention to our work with hiding power now, but if he 
wants to take advantageof the developments the pigment manufacturer 
gives him, he certainly will have to include it in his testing schedule. 

Mr. A. E. STAUDERMAN.*—I believe that we should have the 
viewpoint of the paint manufacturer. It is up to him to determine, 
by the best means available, the value of each step taken in the testing. 
He may choose to examine shipments of pigments merely on a basis 
of mass tone or tint, to check for uniformity, or to note the oil absorp- 
tion or fineness. For such work the method as outlined is ample. 


The question of hiding power is beyond the scope of the present 
method. 


1 Chief, Paint and Ceramic Research Division, New Jersey Zinc Co., Palmerton, Pa. HA %. : 
2 Director of Laboratories, Devoe & Raynolds Co., Brooklyn, N. Y. 
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In defense of the method, and more specifically of the “Optional 
Procedure,”’ we avoid the term hiding power. I should like to empha- 
size that because the original committee discussed the point thoroughly 
when the work was first brought before the Federation of Paint and 
Varnish Production Clubs. We did not care to become involved in a 
discussion of hiding power in this specification. The method for 
developing mass tone and tint is quite simple and is based on the 
paint manufacturer’s use of the pigments, which fortunately does not 
confuse tinting strength and hiding power. 

We have various methods for determining hiding power of a 
pigment, and this is important especially when establishing a new 
source of supply. We utilize different methods and equipment and 
express results entirely independent of tinting strength. 

Mr. SAWYER (author’s closure by letter) —I am quite pleased with 
this discussion. In it emphasis has been placed on the uncertainty 
of the relation existing between hiding power and tinting strength, 
because it is rather generally agreed that the chief reason for using 
tinting strength is that tinting strength is expected to be indicative 
of hiding power value. If the general user of tinting strength tests for 
white pigments will understand that the test may lead him astray in 
following quality, that ease and reproducibility are not enough, we 
then should have more attention given to performance tests in general 
and to hiding power tests specifically on the part of the pigment 
consumers. It is my hope that these papers and this discussion have 
been a step toward this understanding. 


[See also Discussion on Tests for Tone 
Strength, page 509.—Ep.} 
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MOTORS AND FUEL VAPOR PRESSURE 


val 

By T. A. Boyp iy 


The schedule of Reid vapor pressures for automobile gasolines proposed 
by the Section on Vapor Lock of Technical Committee A of the Society’s Com- 
mittee D-2 on Petroleum Products and Lubricants as being suitable for use at 
various maximum atmospheric temperatures is discussed, and exception is taken 
to it from four viewpoints, as follows: first, of the ambiguity of the term 
“‘maximum atmospheric temperature” which it contains; second, of the limi- 
tation of Reid vapor pressure as a measure of vapor locking tendency in that 
gasolines of the same Reid vapor pressure may give off different volumes of 
vapor at the temperatures reached by the fuel in service; third, of the belief 
that at least a portion of the schedule is out of line with current commercial 
practice; and, fourth, of the fact that, as data are presented to show, many 
cars now in service will give vapor lock on gasolines conforming to the pro- 
posed schedule. An alternative schedule is suggested. It is shown, also, that 
cars have been and are being improved in respect to freedom from vapor lock, 
and something of the magnitude of the obstacles which must be overcome in 
making such improvements is suggested. 


Proposed Schedule of Reid Vapor Pressures! 


It has been proposed by the Section on Vapor Lock of Technical 
Committee A on Gasoline of the Society’s Committee D-2 on Petroleum 
Products and Lubricants that the Reid vapor pressure limits suitable 
for automobile gasolines be set thus: 

For 100 F. maximum atmospheric temperature, 8 Ib. at the filling station. ~ 
For 85 F. maximum atmospheric temperature, 10 Ib. at the filling station. 
For 75 F. maximum atmospheric temperature, 12 lb. at the filling station. 


We have expressed the belief that the Reid vapor pressures given 
in this proposed schedule are too high and that this is particularly 
true in the lower portion of the temperature range within which it is 
thought that a greater degree of freedom from vapor lock should be 
provided for than at the higher temperatures. It is for this reason 
that we have been asked to prepare a discussion of the matter. Fol- 
lowing, then, are given the principal reasons for the peg belief, 
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‘Maximum Atmospheric Temperature” an Ambiguous Extression: 
The first of the reasons for the belief that the Reid vapor pressures 
proposed in the above schedule are too high arises from the ambiguity 
of the term “maximum atmospheric temperatnre.” It has been 
suggested that, because the temperatures given in the proposed 
schedule are maximum temperatures, they thereby automatically 
include a factor of safety which is thought to arise from the fact that 
only on rare occasions is the maximum temperature stated actually 
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atolls 2 


Temperature of Liquid, deg. Fahr 


Fic. 1.—Volumes of Vapor Evolved at Different Temperatures by Three 12-lb. 
Gasolines and One 14.5-lb. Gasoline. 


Chart showing that the Reid vapor pressure of a gasoline may not give a true measure of the 
amount of vapor which it will evolve at temperatures above 100 F. 


reached. But in reality that may not be the case, because there are 
two respects in which the expression “maximum atmospheric tempera- 
ture” is capable of a variety of interpretations. There is, first, the 
question about whether it means the “‘absolute monthly maximum,”’ 
the “average monthly maximum,” or the “average daily maximum” 
of the weather bureau, or whether it means some other form of maxi- 
mum taken over a different period. There is, second, the question 
about whether it means temperatures as recorded by the Weather 
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Bureau or those actually existing where the car is driven, or perhaps 
where the filling station is located. This second question becomes one 
of importance because, in general, Weather Bureau temperaturesare not 
so high as those which actually prevail on the roads and streets where 
cars are driven. Furthermore, regardless of what the intention of 
the schedule of safe limits may be, the inference of some interpreters 
of it will probably be that the temperatures named there*are those 
at which the corresponding Reid vapor pressures are suitable for 
universal use, and not as temperatures which should not be exceeded. 


Limitation of Reid Vapor Pressure as a Measure of Vapor Locking 
Tendency: 


The second reason for believing that the proposed schedule is too 
liberal for the present is concerned with a fundamental limitation 
which Reid vapor pressure has as a measure of vapor locking tendency. 
The limitation referred to is that two gasolines which have the same 
Reid vapor pressure at 100 F. may evolve widely different volumes of 
vapor at the temperatures above 100 F. to which gasolines are often 
heated in the fuel-handling systems of carsq).1 The converse also 
is true, namely, that gasolines of different Reid vapor pressures may 
at a given temperature evolve the same volume of vapor. Thus, 
the data of Fig. 1 show that of three gasolines all of the same Reid 
vapor pressure, namely, 12 lb., one gave off by direct measurement in 
a displacement apparatus 18 volumes of vapor per unit volume of 
liquid gasoline at 120 F., a second 22 volumes, and a third over 50 
volumes. In comparison with these figures, another gasoline of 14.5 Ib. 
Reid vapor pressure evolved 29 volumes of vapor at 120 F. Bridge- 
man) has reported also that, of two gasolines which evolved the 
same amount-of vapor at 120 F., one had a Reid vapor pressure of 
11.1 lb. and the other of 13.8 lb. Since the cause of vapor lock is 
vapor, it is to be expected that the two gasolines reported by Bridge- 
man, although differing by 2.7 lb. in Reid vapor pressure at 100 F., 
would be substantially alike in respect to producing vapor lock at 
120 F. And experience indicates that this is so. 

It should be said, however, that this discussion of the limitation 
of Reid vapor pressure as a measure of the tendency of a gasoline to 
give vapor lock is presented here not because of any belief that Reid 
vapor pressure does not give a useful indication of vapor-locking 
tendency, but because it involves an unavoidable variable which 
constitutes an important reason for not setting the schedule of Reid 
vapor pressures too high. 


1 The boldface numbers in parentheses refer to the reports and papers given in the list of references 
appended to this paper, see p. 549. 
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F<. 2.—Reid Vapor Pressure versus Atmospheric Temperature for Vapor Lock © : 
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Relationship of the Proposed Schedule to Commercial Practice: 


The third reason for taking exception to the proposed schedule is - 
concerned with the fact that the Reid vapor pressures proposed for — 
85 F. and 75 F. atmospheric temperatures are distinctly higher than 
are found in average commercial practice. Thus, the majority of ae, 
automobile gasolines sold in the winter months not only have not been © 
approaching in Reid vapor pressure the proposed schedule, but also . 
relatively few of them have had 12-lb. Reid vapor pressures at all. oe . 


This is illustrated by the following facts: 
° Starting offer a stop, 
ignition off 
e Idlin 
3 Acceleration after a stop, 
am either idling or ignition 
£15 ® Wide open throttle on hil/ 
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Atmospheric Temperature when Vapor Lock Had Been Observed, deg. Fahr 


1931 to 1934 Cars. 


1. In the surveys of winter gasolines made by the Oil and Gas 5 
Journal in 1930 to 1933@) only 1 of the 131 gasolines included had a ae 
Reid vapor pressure of 12 Ib., and the average Reid vapor pressureof 
the regular-price gasolines collected i in the 1933 survey was 9.5 lb. oat . 
2. Among the gasolines of major distributors, as collected in 
Detroit in the month of February during the years 1932 to 1934 7 re : 
General Motors Research Division, only 2 out of 66 had Reid vapor 
pressures as high as 12 lb. More than one-half of the regular-price — 4 
and premium-price gasolines included in these surveys had Reid =. a 
vapor pressures of 10 lb. or less. ee | 
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3. Data given in the report presented to Technical Committee A 
recently by R. C. Alden show that only 1 in 8 of the winter gaso- 
lines (collected in December, January, and February) had a Reid 
vapor pressure as high as 12 lb., and the average Reid vapor pressure 
of all the gasolines included in Alden’s December to February survey 
in 1933 to 1934 was 10.5 lb. 


Relationship of the Proposed Schedule to Observed Vapor Lock: 


The fourth reason, and the most important of all, is that many 
cars now in use will give vapor lock on the gasolines named at the 


Reid Vapor Pressure of the Gasoline 


° 


har Schedule + 
a deg given by | 
Brown (6) as Tem- 
Saver (7) perature Rise Re- 
Ainsley, et 8) quired to Protect 
oex Bridgeman ( per cent of the 
~ cars — 
© Steady runm 
«Accelerating data for cars 
with fuel pui erp 
O Original data this paper — 


Vapor 
| | trom Table II, Ref. 9 


@ 


120 130 140 150 160 
Observed Vapor Locking Temperature, deg Fahr 
Fic. 3.—Reid Vapor Pressure versus Observed Vapor-Locking Temperature. 


atmospheric temperatures which correspond to them in the proposed re 


schedule. This is shown by Fig. 2, which is a chart of Reid vapor _ 

pressure plotted against the atmospheric temperatures at which vapor | 
lock has been observed in our own experience. The data represent 
results obtained on cars of 1931 to 1934 models, chiefly the later 
models, and they include cars of all price classes. The nature of the 
vapor lock observed in each instance is designated. The heavy solid- 
line curve on the chart has been drawn through the points which 
represent the schedule of suitable Reid vapor pressures proposed by 
the Section on Vapor Lock, as given at the outset. That many of the 
points representing vapor lock lie within the region below this curve 
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That the original data given on Fig. 2 are in general agreement 
with the results of other investigators, as presented in the literature, 
is shown by the points plotted on Fig. 3. Many of the published 
results of experimenters on vapor lock are not given in terms of 
atmospheric temperature but in terms of observed fuel temperature 
at the time, or at the point, of vapor lock. Consequently, they can- 
not be properly shown on a chart of atmospheric temperature, such 
as Fig. 2. The points plotted on Fig. 2 in terms of Reid vapor pres- 
sure versus atmospheric temperature for vapor lock are shown also on 
Fig. 3 in terms of Reid vapor pressure versus observed fuel tempera- 
ture at the time of vapor lock; and, in addition, are plotted results 
of Brown 6), of Bauerq, of Ainsley, Baker, and Phillips@, and 
of Bridgeman). Recognizing the unavoidable variables involved, 
there seems to be a fair degree of agreement among the actual vapor 
locking temperatures observed by the different investigators. In the 
main, the data of Bridgeman lie above and to the right of that of the 
other investigators. It is believed that the reason for this is that 
Bridgeman’s results were for the most part obtained at speeds not 
exceeding 40 m.p.h. 

With further reference to Fig. 3, attention is called to the solid- 
line curve shown. This curve has been constructed by adding 48 deg. 
to each of the atmospheric temperatures named in the proposed vapor 
pressure schedule given above. The figure of 48 deg. is based upon 
the conclusion of Bridgeman s) from his survey of the temperatures 
reached in the fuel systems of 1930, 1931, and 1932 cars that “in 
order to afford protection to more than 90 per cent of the cars on the 
road, a temperature rise of about 48 F. at constant speed must be 
assumed.” 

The lower or broken-line curve on Fig. 3 has been drawn from the 
data given in an early report of the Section on Vapor Lock as repre- 
senting maximum safe Reid vapor pressure at 100 F.). And, as 
is apparent from the figure, this curve does come well toward the 
lower boundary of the points which represent observed vapor lock, 
when the results of the several investigators are taken into account. 
Mention may be made further of the fact that, compared on the 
horizontal scale, the broken-line curve lies 12 to 13 deg. below the 
solid curve at each given Reid vapor pressure. Compared on the 
vertical scale, the differences between the two curves amount to about 
2 Ib. Reid vapor pressure. 

Also the broken-line curve on Fig. 3, which is in the lower portion 
of the band of observed vapor-locking conditions but still within it, lies 
about 35 deg. above the atmospheric temperatures named in the 
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schedule of permissible Reid vapor pressures proposed by the Section 
on Vapor Lock. As of interest and apparent significance in this 
connection, note the following further quotation from Bridgeman,s) 
with regard to the average temperature rise in the fuel systems of 
cars during constant speed driving: 

“It appears therefore that during summer operation at constant speed 
driving under vapor-locking conditions, the temperature rise in that part of 


the fuel system most sensitive to vapor lock averages 34 F. above the atmo- 
spheric temperature.” 


Thus, on the basis of the comparison made in Fig. 3 and dis- 
cussed above, it appears that the original vapor lock data of Fig. 2, 
which are presented directly in terms of the atmospheric temperatures 
at which vapor lock was experienced with gasolines of different Reid 
vapor pressures, are not out of line with those of other investigators. 
And the data of Fig. 2 show that many of the cars now in use will 
give vapor lock on the gasolines conforming to the schedule proposed © 
by the Section on Vapor Lock. 


In the light of the foregoing discussion, it is Pa Tae a: the © 
bene of the atmospheric temperatures given in the schedule of pecreoty ¥. 


relation to the temperature < the air in which cars are actually run. ey 
Such a schedule would give the gasoline marketer a sound basis of 
vapor pressures to work to, but it would allow him a suitable degree 

of freedom of choice in respect to actual marketing policies to take _ 
care of the usual variations in weather conditions which occur in each 
specific locality. 


schedule of vapor pressures would be a suitable one: 


an TEMPERATURE OF AIR IN Hicuest Rem Vapor Pressure oF GASOLINE 
Waice Car Is Driven, in Tank oF Car Givinc FREEDOM FROM 
DEG. Vapor Lock tn Majority oF CARS ON THE ROAD 


65 
Note that the atmospheric temperatures named above are those : 
of:the air in which the car is driven, and that the Reid vapor pressures 
are those of the gasoline in the fuel tank of the car, or as delivered from 
the filling station. - The figures given are thus based directly upon the 
actual operation of cars, and they also relate directly to the experi- 
mental data as obtained. The above schedule provides for a greater 
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degree of freedom from vapor lock at the lower temperatures than at 
the high. This is thought to be desirable both because more driving 
is done at such temperatures and because vapor lock when it does 
occur at the lower temperatures is much more disturbing to drivers 
of cars than when it occurs on very hot days. Naturally the schedule 
as given would need to be modified accordingly if any other form of 
temperature or vapor pressure concept than that upon which it is 
based were introduced. 


Improvements Made in Cars: 


In stating the objections to the schedule of Reid vapor pressures 
proposed by the Section on Vapor Lock, as has been done above, it 
should be said that the obligation and the desire of the automobile 


TABLE I.—CHANGES IN THE MAXIMUM TEMPERATURE RISES IN THE FUEL SYSTEMS P 
OF REPRESENTATIVE CARS OVER A 5-YEAR Periop. Showing an average 
reduction of about 15 deg. Fahr., which corresponds in turn to a boost of ‘fel 

approximately 2 lb. in permissible Reid vapor pressure. 


Maximum Tomes Rise of Fuel Systems peeve Atmospheric, 
oy: Car Speed of 60 m.p.h., deg. Fahr. 


Pam 1929 Cars 1931 Cars 1934 Cars 
Steady Idling Steady Idling Steady Idling 
4a Driving Afterwards Driving Afterwards Driving Afterwards 
29 67 37 65 25 38 
45 61 50 69 42 55 
57 81 52 67 27 48 
47 73 46 66 33 57 


industry to make cars as free as possible from vapor lock is not lost 
sight of. Cars have been improved in this respect during recent years, 
and still further improvement can and will be made. In considering 
the proposed schedule, however, the guide must be in large measure 
the characteristics of existing cars. 
The improvement which has already been made in cars from the a 


viewpoint of freedom from vapor lock, as just mentioned, has extended — 
in two directions: first, in the reduction of fuel temperatures at the — 
carburetor; and, second, in the enlargement of vapor-handling ©. 


capacities. The first of these which, because it prevents loss of vapor, 


data of Table I. Presented there are figures on the temperature rises Rooite 
in the fuel systems of the five representative cars, including all price Oe - 
classes, for which comparable temperature data happen to be available. __ i y 


is recognized as the more desirable of the two, is illustrated by the fs org i 
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Note that over the 5-year period, 1929 to 1934, the average reductions 
in the maximum temperatures reached by the liquid gasoline in the 
fuel systems of these five cars were as follows: for steady driving at 
60 m.p.h., 14 deg. Fahr.; for idling after driving at 60 m.p.h., 16 deg. 
Fahr. These reductions in temperature are considerable, for they 
have been made in spite of increased engine sizes and correspondingly 
larger amounts of heat to be dissipated. 

As an instance of the improvement which consists in enlarging 
vapor-handling capacities through modified design may be cited the 
case of one car on which there are comparative data. This car was 
one that when the vapor pressure of the gasoline was too high suffered 
from the form of vapor lock which reduced its driving speed. By a 
modification of design the vapor-handling capacity of this car under 
high-speed driving conditions was raised from less than 5 volumes of 
vapor per one volume of liquid gasoline at the point of vapor lock to 
20 volumes, which latter is a very high vapor tolerance indeed to exist 
at the time when fuel demand is close to a maximum. 

With further reference to the improvement made in cars in recent 
years with regard to freedom from vapor lock, attention is called to 
the shaded area at the lower left of Fig. 2. The top and bottom 
boundaries of that area represent the upper and lower limits of the 
“Recommended Maximum Reid Vapor Pressure” at the corresponding _ 
atmospheric temperatures, as based upon the 17 informal votes of — 
men who attended a meeting of the Section on Vapor Lock on June 22, 
1931, at which the vote was takenis). Note that the upper boundary ~ 
of the consensus of opinion at that time on the proper Reid vapor 


pressures to be specified lies below the points on the chart representing —__ 
observed vapor lock on recent cars. Note further that the most 
optimistic votes then were, at each atmospheric temperature, for Reid 


vapor pressures of 2 lb. or more below the schedule now proposed by © 
the Section on Vapor Lock. . 

It is the impression of some that it would be a simple matter for 
the car designer to so arrange, that vapor lock could not occur on any © 
gasoline. This impression is based upon the comparatively small 
temperature rise which occurs during steady driving conditions in | 
cars having the smaller power plants. But, in this connection, men- 
tion may be made of the fact that vapor lock quite commonly occurs _ 
just following the time when the car has been standing still for a 
period, either with the engine idling or stopped. That thisisso may 
be seen from the data of Fig. 2, which shows that vapor lock frequently 
occurs when attempting to start the engine after a stop with ignition 
off, or else during acceleration after such a stop or after idling for a 
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period. No matter how well protected and cooled a fuel system may 

be from the viewpoint of conditions prevailing while the car is moving 

through the air, the gasoline in the carburetor, in the fuel pump, and 


in the fuel lines under the hood will tend to approach the temperature 


which prevails under the hood when the car is standing. And that 


temperature is determined not only by the high temperature of the 


exhaust manifold, which is sometimes very hot indeed, but also by 


the temperature of the cooling medium which latter is usually from 


140 to 180 1. The approach of the gasoline to the equilibrium tem- . 
perature reached under the hood is a thing which, as experience has | 


shown, can be retarded somewhat, but which it is very difficult to 
prevent. It is in spite of these fundamental obstacles that the 
improvement cited above has been made and that any furtherimprove- 
ment must be effected. rks 
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of A.S.T.M. Committee D-2 on Petroleum Products and Lubricants, _ 
October 31, 1931. 


Discussion on Vapor Lock, see page 560.—Ep.] 
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MOTOR FUELS AND VAPOR LOCK 
By GrorGE GRANGER Brown! 
SYNOPSIS 


All of the available actual road-test data taken under vapor-locking con- 
ditions, on the vapor pressure of fuel in the tank of car required to cause vapor 
lock, have been plotted and compared with the limits recommended by the 
Section on Vapor Lock. Under steady driving conditions tests on 69 cars in- 
dicate that only 3 might be expected to experience difficulty, and that 56 would 
be free from vapor lock even under the maximum temperature conditions 
allowed in the recommended limits. Upon idling after hard driving, tests on 
56 cars indicate that 7 might vapor lock and that 48 would be entirely free from 
this difficulty. The recommended limits are not intended to prevent vapor 
lock entirely, but to be a reasonable compromise for present conditions. They 
have been found to agree with present commercial practice and are somewhat 
more conservative at high temperatures. If all cars were as good as the best, 
the vapor pressure limits could be raised about 4 lb. with less vapor lock dif- 
ficulty than is now experienced on some cars. The recommended limits there- 
fore insure reasonable protection to the user from vapor lock so far as the fuel 
is concerned. 


_-Vaporization of the gasoline in fuel lines, pumps or carburetor 
passages designed to carry and meter liquid fuel restricts the normal 
flow of fuel. Vapor lock is said to occur when this restriction in flow 
of fuel is sufficiently pronounced to interfere with the normal operation 
of the motor. In severe cases the motor may cease functioning 
entirely. 

The cause of vapor lock in motor cars is primarily the overheating —__ 
of fuel lines, pumps and carburetors. If the fuel were not heatedin 
its flow to the carburetor above its temperature in the supply tank  — 
on the vehicle there would be no vapor lock. Unfortunately this most — 
desirable condition does not exist and the vaporizing tendency or 
vapor pressure of the fuel as it becomes heated to high temperatures 
in the fuel lines of the vehicle must be limited according to the vapor- 
handling capacities and temperatures of these fuel systems if vapor _ 
lock is to be prevented. a 

Vapor lock has been recognized for many years and carefully _ 
studied during the past eight years by numerous investigators with 
the accumulation of rather complete data on the vapor-locking 
characteristics of the cars now on the road. On July 18, 1930, the 


% eas 1 Professor of Chemical Engineering, University of Michigan, Ann Arbor, Mich. 
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Section on Vapor Lock, of Technical Committee A of the Society’s 
Committee D-2 on Petroleum Products and Lubricants was appointed 
“‘to ascertain by engine test data what quality in gasoline is necessary 
to give reasonable protection to the user so far as the fuel is concerned; 


Symbols Used In All Figures 4 ee 
© Aeference 3 - Extenswe 1926-1932 models Data on /933 cars supplied ty 


with fuel pui ® Data on 1934 cars supplied 
© Reference 3 Extensive fre on 1926 -1932 models Reference 4 - Models prior to v-8 
with vacuum tanks with marked tendency to vapor lock 
Reference 3 Extensive tests on /926-/932 models Reference | - V-8 mode/ 
with gravity feed Reference | - Straight 8 middle - price class 
© Reference 2 - /93/ models with fuel pumps = Reference! - 6 cylinder type 
© Reference 2 1/93! models with vacuum tanks. + Communication to vapor lock section. re 
* _ Reference 2 models with gravity feed- tc: 
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id Fuel Temperature when Vapor Lock Occurs, deg. Fahr 


Fic. 1.—Data on the Reid Vapor Pressure at 100 F. of the Fuel in the Main Tank 
of the Car, and the Fuel-Line Temperature at Point of Vapor Lock. Both 
sample of fuel and fuel-line temperature taken at time of vapor lock. 


then to specify the method by which this quality should be determined 
in inspection test, and finally, to set the proper limits to be included in 
specifications for gasoline.” 

The data plotted in the accompanying figures were collected for 
this committee from published work, and unpublished data reported 
to and obtained by members of the Section on Vapor Lock. It is 
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552 Brown on Motor Busts AND Vapor Lock 
believed that all available reliable engine data on vapor lock are 
included. 


Vapor Pressure Test Method: 


Careful consideration of the various tests available indicated 
that the Tentative Method of Test for Vapor Pressure of Natural 
Gasoline (Reid Method) (D 323-32 T)! appeared to be the most 
satisfactory method for determining the vaporizing tendency of gaso- 
line to give reasonable protection to the user so far as the fuel is 
concerned. Because of the different characteristics of the fuel systems 
of different cars, some systems being able to handle much greater 
volumes of vapor than others, and to the differences in operating 
conditions encountered in actual use, it cannot be expected that any 
test will accurately indicate the temperature at which a fuel may 
cause vapor lock on all cars. The data plotted in Fig. 1 include all 
the available data,3,4)? taken under actual operating conditions and 
indicate a reasonably satisfactory agreement between the Reid vapor 
pressure at 100 F. of the gasoline in the supply tank of the car and the 
fuel temperature at which vapor lock is observed. A table showing 
symbols used in all figures is included, preceding Fig. 1. 

The dashed line shown in Fig. 1 indicates the approximate tem- 
perature at which the gasoline would exert a Reid vapor pressure of 
14.7 lb. when having a Reid vapor pressure at 100 F. as indicated along 
the ordinate. In general it may be said that vapor lock might be _ 
expected whenever the temperature of the fuel is raised to such a 
degree that the Reid vapor pressure at that temperature exceeds | 
atmospheric pressure. Practically all of the test data reported in | 
Fig. 1 were obtained with atmospheric pressures somewhat less than | 
14.7 lb., although run at low altitudes. Even so most of the points, _ 
particularly those taken from the most careful and complete survey), 
lie the right of dashed une because of loss in 


safe side. 

Any errors or carelessness in sampling tend to show a low vapor 
pressure and would make the point lie lower than it should in Figs. 1 
and 3. Errors in reading the proper temperature in the fuel line 
such as reading the temperature of pump inlet when. vapor lock 


1 Proceedings, Am. Soc. Testing Mats., Vol. 32, Part I, p. 765 (1932); also 1933 Book of A.S.T.M. 
Tentative Standards, p. 569. 

2 The boldface numbers in parentheses refer to the oom and papers given in the list of references 
appended to this paper, see p. 559. 
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occurs at a higher temperature in the pump, misplace the point hori- 
zontally i in Fig. 1 and a in Fig. 2 but introduce no direct error 


Change ‘n the vapor pressure characteristics of a gasoline take 
place in the supply tank of the car after filling, and in the fuel system 
after leaving the supply tanka,3,4) as well as in shipments of motor 
fuel from the refinery to the service station. For these reasons the 
most logical place to sample the gasoline for determining its vapor 
pressure to insure reasonable freedom from vapor lock is at a point 
nearest the ultimate consumption. It is impractical to attempt to 
sample the gasoline for specification purposes after it is delivered into 
the supply tank of the ultimate consumer. The closest practical 
approach to the point of ultimate consumption is the gasoline as 
delivered from the pump at the service station, and this is the point 
which has been recommended by the Section on Vapor Lock as the 


proper point for sampling motor fuel for Reid vapor pressure deter- 


mination. 


Basis for Recommended Vapor-Pressure Limits: 


Although the data plotted in Fig. 1 might lead to recommendations 

limiting Reid vapor pressures according to the temperature to which 

the fuel is heated in the fuel system of the motor car, such recom- 

mendations are of little practical use as only those who have investi- 

gated the vapor-lock problem have definite ideas as to the temperatures _ 
reached in the fuel system. 


The data plotted in Fig. 2 give the observed fuel see 


under conditions at which vapor lock was observed for different at- 
mospheric temperatures and for different operating conditions. The 
inverted pyramidsa) and modified circles and crosses(2) are data 
obtained under non-vapor-locking conditions but indicate the observed 
maximum fuel line temperature as a function of atmospheric tem- 
perature for the conditions indicated. All other points were taken 
under vapor-locking conditions. 

It is obvious from Fig. 2 that the critical vapor-locking temper- 
atures reached in the fuel line, pump or carburetor on different cars 
and under different driving conditions vary over wide limits for the 
same atmospheric temperature. In general, the highest temperatures 
in the fuel lines are reached under idling conditions, particularly when 
the engine is idled after a period of heavy or high-speed driving. For 
steady driving conditions lower maximum fuel line temperatures are 
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reached when driving at high speeds, over 40 miles per hour, than when 
driving at lower speeds. The greater tendency of some cars to vapor- 
lock under conditions of high-speed driving is therefore due, not to 
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Fic. 3.—Observed Reid Vapor Pressure at 100 F. of Fuel in Main Tank of Car at 
Time of Vapor Lock as Related to Atmospheric Temperature When Idling 
Motor After Driving, Accelerating After Idling, Driving at Constant Speeds 
not Exceeding 40 m.p.h., and Driving at Constant Speeds Exceeding 40 m.p.h. 


higher fuel line temperatures, but to the greater fuel requirements of 


the engine which decrease the reserve e capacity of the fuel pump at ie 


high speeds. 
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The discrepancies in fuel-line temperatures between different cars, 
and under different driving conditions, for the same atmospheric 
temperature are greater than the discrepancies between the Reid 
vapor pressure at 100 F. and fuel temperature at which vapor lock 
occurs, as given in Fig. 1, indicating that the accuracy or suitability 
of the Reid vapor pressure test as a basis of specification to insure 
reasonable freedom from vapor lock is better than the agreement 
between the different cars on the road. 

The data plotted in Fig. 3 include all the available data obtained 
in actual engine tests under conditions of actual operation and under 
vapor-locking conditions, giving the vapor pressure at 100 F. of the 
fuel in the supply tank of the car at the time of vapor lock as observed 
under the indicated operating conditions and atmospheric tem- 
perature. The dashed line corresponds to the maximum Reid vapor 
pressure at 100 F. of the gasoline as delivered from the pump at the 
service station as recommended by the Section on Vapor Lock to 
insure reasonable freedom from vapor Jock so far as the fuel is con- 
cerned. In interpreting these data, it is clear that the recommended 
limits would insure freedom from vapor lock under the maximum 
atmospheric temperature and operating conditions indicated, in those 
cars represented by the points above and to the right of the dashed 
line. 

Points computed on the basis of maximum fuel-line temperature 
observed under non-vapor-locking conditions combined with data 
obtained on independent tests as to the vapor pressure at 100 F. which 
will cause vapor lock at these maximum fuel-line temperatures, have 
not been included in Fig. 3, as it has been found that data computed 
in this manner do not agree with actual road test data taken under 
vapor-locking conditions@,4). 


Idling Conditions: 


All of the data points located below and to the left of the dashed 
line in the idling section of Fig. 3 were taken from the work of Browna) 
and were obtained on an 8-cylinder, V-type motor, 1922 model which 
was particularly bad in its vapor-locking characteristics. 

Of the 42 cars actually tested for vapor lock under operating 
conditions when idling after a period of hard driving, 41 would be 
free from vapor lock, and one might be expected to experience dif- 
ficulty when using fuels of the maximum Reid vapor pressure and 
at the maximum atmospheric temperature within the limits recom- 
mended by the Section on Vapor Lock. 

Computed points from the data plotted in Figs. 1 and 2 as obtained 
by Ainsley, Baker and Phillipsa) on the 8-cylinder, V-type motor, 
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would indicate that this car which is also particularly sensitive to 
vapor lock under idling conditions would also experience difficulty. 
But the data are not included in Fig. 3 because they are not direct 
experimental data but are computed from two separate tests. 

Of the 52 cars tested when accelerating after idling (Fig. 3), 5 
points supplied by T. A. Boyd fall below the line, and 45 points lie 
above the line, indicating that under these conditions of operation, 
vapor lock might be expected on 5 cars out of the 52 tested when 
using fuels of the maximum Reid vapor pressure at the maximum 
atmospheric temperature within the limits recommended by the Sec- 
tion on Vapor Lock. 

Constant Speed Below 40 Miles per Hour: 

Of the 51 cars tested at constant speeds up to 40 miles per hour 
(Fig. 3), 49 cars would be entirely free from vapor lock and 2 cars, 
the same 8-cylinder, V-type motor mentioned above and another out- 
moded car privately reported, might experience difficulty with fuels 
of the maximum vapor pressure at the maximum atmospheric tem- 
perature within the limits recommended by the Section on Vapor 


Lock. 


Constant Speed Over 40 Miles per Hour: 


When driving at high speeds (over 40 m.p.h.) the data taken on 
17 cars (Fig. 3) indicate that those cars with the worst vapor-locking 
characteristics under idling conditions would be reasonably free from 
vapor lock, and that 14 of the 17 cars would be entirely free from 
vapor lock with fuels of the maximum vapor pressure within the 
limits recommended by the Section on Vapor Lock. Only one point 
reported by T. A. Boyd is decidedly below the line. 
Recommendations of Section on Vapor Lock: acl 
It is a practical impossibility to insure absolute fi freedom fi tient 
vapor lock in all cars under all conditions of service and yet furnish 
fuels which will give satisfactory starting and acceleration. Clearly 
a compromise must be effected. This is indicated by the charge to 
the Section on Vapor Lock to recommend limits and a method of test 
that would insure “reasonable protection to the user so far as the fuel 
is concerned.” This might be taken to indicate that the committee 
should confine its attention to those cars which are reasonably good 
in their vapor-locking characteristics and set limits which will insure 
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considered practically all cars on the road, those excessively bad in 
vapor-locking characteristics as well as those of reasonable design. 
The complete data have been included in this paper and presented 
in the various figures. 

In recommending new specifications which have not been pre- 
viously in effect, it is always desirable to adopt limits which closely 
approximate present commercial practice. This point has received 
careful consideration in the following limits recommended by the 
Section on Vapor Lock to insure reasonable protection to the user so 
far as the fuel is concerned: 

“That the Reid vapor pressure (A.S.T.M. Method D 323 — 32 T) of fuels as 
delivered from the service station pump or to the fuel tank of the vehicle for 
use at maximum atmospheric temperature of 100 F. should not exceed 8 Ib., 
at a maximum atmospheric temperature of 85 F. should not exceed 10 Ib., 
and at a maximum atmospheric temperature of 75 F. should not exceed 12 Ib.” 

It is clear that if all the cars on the road were of as good design 
in regard to vapor-locking characteristics as the average of the best 
cars that have been tested, these vapor-pressure limits could be raised 
about 3 to 4 lb., corresponding to 11 lb. for a maximum atmospheric 
temperature of 100 F., 14 lb. for a maximum atmospheric temperature 
of 85 F., 16 lb. for a maximum temperature of 75 F. and about 19 lb. 
for a maximum temperature of 65 F. and insure entire freedom from 
vapor lock under all normal conditions. Perhaps such good design in 
all cars is not to be expected immediately, but we should be able to 
expect that all cars will improve their fuel systems so that the above 
limits will insure reasonable freedom from vapor lock in so far as the 
fuel is concerned, soon after the cars now in service are retired. At 
least these limits just mentioned should be our immediate object as 
they will in fact insure reasonable freedom from vapor lock so far 
as the fuel is concerned, that is, reasonable freedom from vapor lock 
in all cars as good as the average of the best cars now on the road. 

For the immediate present, the recommended limits of 8 lb. for 
a maximum atmospheric temperature of 100 F., 10 Ib. for a maximum 
atmospheric temperature of 85 F., and 12 lb. for a maximum atmos- 
pheric temperature of 75 F. will insure reasonable freedom from 
vapor lock under all ordinary driving conditions including high-speed 
operation. Some difficulty is to be expected on a limited number of 
cars which are particularly bad offenders in regard to vapor lock 
whenever the speed is reduced, or the motor is idled, after sustained 
high-speed driving or heavy pulling. But it must be emphasized that 
no more difficulty will be experienced when using fuels of these recom- 
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mended vapor-pressure limits than is now actually experienced in 
operation, because the recommended vapor-pressure limits are in 
close agreement with present commercial usage. 

A careful and complete survey covering the entire country:s) 
showed these recommendations to be closely representative of com- 
mercial practice except that present commercial practice allowed an 
average vapor pressure of 8 lb. under conditions where the maximum 
temperature is over 105 F. This is probably why vapor lock is con- 
fined largely to warm weather and popularly classed as a hot-weather 
complaint. 


Conclusion: 


Adoption of the recommended vapor-pressure limits will insure 
reasonable protection from vapor lock so far as the fuel is concerned. 
The recommended limits insure the same freedom from vapor lock as 
is now furnished the car user except in extremely warm weather when 
greater protection will be insured by the adoption of these limits. 

Improvement in motor-car design to the extent that all cars are 
as good as the best would allow an increase of about 4 Ib. in these 


L. E. E. B. Phillips, “Methods of Testing Auto- 
mobiles for Potential Vapor Lock,” Proceedings, Am. Petroleum Inst., 
Section III, Vol. 14, November, 1933, p. 22. (3 cars.) 

(2) O. C. Bridgeman, H. S. White and F. B. Gary, “Gasoline Vapor Pressures 
Permissible with 1931 Motor Cars,” Proceedings, Am. Petroleum Inst., 
Section III, Twelfth Annual Meeting, December, 1931, p. 40. (47 cars.) 

(3) O. C. Bridgeman, H. S. White and F. B. Gary, “The Present Status of the 
Vapor-Lock Problem,” Proceedings, Natural Gasoline Assn. of America, 
Twelfth Annual Convention, Tulsa, May, 1933, p. 74. (51 cars.) 

(4) G. G. Brown, “‘ The Volatility of Motor Fuels,” Engineering Research Bulletin 
No. 14, University of Michigan, May, 1930, p. 274. (4 cars.) 

(s) W. Mendius and W. G. Ainsley, “‘Conservation of Volatile Hydrocarbons,” 

a heel Fourth Mid-Year Meeting, American Petroleum Institute, Pittsburgh, 
May 24, 1934. 

ARATE 


Brown oN Motor FvELs AND Vapor Lock 559 
: 
4 
| 
Wey 
ia 
| 
| ait 
| 
| 
| 
| 
. 
> } 
+ | 


ION ON VAPOR LOCK 


Mr. R. C. ALDEN! (presented in written form).—Mendius and 
Ainsley? have demonstrated that if all cars were equivalent to the 
best car (from the vapor lock viewpoint) there could be incorporated 
in motor fuels, a billion gallons annually of light hydrocarbons now 
wasted, with absolute freedom from vapor lock under the highest 
temperature conditions ever recorded. 
Alden* has shown that butane is the marginal hydrocarbon in 
the vapor lock problem. There is enough butane available to con- 
stitute 20 per cent of the motor fuel supply. Each per cent of butane 
ed to motor fuel would result in annual refinery savings of about 
t,. ~ $55,000,000 by virtue of lessened requirements for crude oil and 
reduced ethylizing costs. 
The subject of vapor lock is not a simple one. Every factor 
i“ involved is open to several definitions and is seldom rigorously defined. 
b. As peer consider the following terms: 


. Reid Vapor Pressure—This may be measured at the refinery, 

Gilling station, in the automobile fuel tank or at the actual point of 

_ vapor lock. Obviously the vapor pressure which causes vapor lock 

is the vapor pressure of the gasoline at the point of vapor lock. 

However, vapor pressure at this point is extremely difficult of measure- 

ment and use has beén made by Bridgeman‘ of the more practical 
determination of the vapor pressure in the automobile fuel tank. 

2. Fuel Line Temperatures.—These may be determined in labor- 
atory apparatus or in the fuel lines of automobiles under non-vapor- 
= or under vapor-locking conditions. The temperatures obtained 
in simple laboratory equipment are seldom comparable to those 
- occurring in the variable fuel systems in use. Temperatures 
obtained in automobile fuel lines under non-vapor-locking conditions 
are generally higher than those at which vapor lock occurs. This is 
because temperatures are reduced as the vapor-locking condition is 
approached due to the cooling effect of increased vaporization. 
_Vapor-locking fuel line temperatures should be the fuel line tempera- 


a ee ! Director of Research, Phillips Petroleum Co., Bartlesville, Okla. 
2W. Mendius and W. G. Ainsley, “Conservation of Volatile Gasoline Materials,’ Proceedings, 
: : “4 Fourth Mid-Year Meeting, Am. Petroleum Inst., Vol. 15, Section III, p. 68. 
. +R. C. Alden, Butane—A Wasted Asset of the Petroleum Industry,’ Proceedings, Fourth Mid- 
Year Meeting, Am. Petroleum Inst., Vol. 15, Section III, p. 74. 
4 40. C. Bridgeman, H. S. White and F. B. Gary, ‘‘ Vapor Handling Capacity of Automobile Fuel 
_ Systems,"’ Journal, Soc. Automotive Engrs., Vol. 32, No. 4, April, 1933, p. 157. 
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tures at the time and point of actual vapor lock in actual automobiles 
and under specific driving conditions. In view of the lack of estab- 
lished relationships between non-vapor-locking and vapor-locking fuel 
line temperatures these determinations have little significance at 


id present. The important variable is the vapor-locking Reid vapor 
1€ pressure. 
d 3. Point of Vapor Lock.—The point of highest temperature or 
Ww lowest pressure in the fuel system is not necessarily the point of vapor 
st lock. Such factors as removal of vapors by the carburetor bowl, 
increase in pressure by a fuel pump, or an increase in the vapor 
in handling capacity of subsequent portions of the fuel system invalidate 
n- such a conclusion. 
1€ 4. Atmospheric Temperature.—It is a simple matter to determine 
it the atmospheric temperature at the time of vapor lock, but a definite 
id problem is introduced when attempts are made to include this factor 
in generic specifications for gasoline. The following temperature 
or terms have been variously used in vapor lock discussions: absolute 
d. monthly (or seasonable) maximum, average monthly (or seasonal) 
maximum, average daily maximum (by months or seasons) and mean 
y, temperatures. As a specification item the writer prefers the highest 
of temperature basis. It seems better to say that a seasonal gasoline is 
‘k specified, for example, of 8-lb. vapor pressure to insure reasonable 
k. freedom from vapor lock for a maximum atmospheric temperature of 
e- 105 F. than for an average daily maximum temperature of 85 F. 
al Although the two definitions would be equivalent, under the latter 
one, whenever the atmospheric temperature exceeded 85 F., too 
r- many people would be expecting vapor lock and looking for trouble. 
r- The Section on Vapor Lock, of Technical Committee A of the 
‘d Society’s Committee D-2 on Petroleum Products and Lubricants, has 
se made no attempt to correlate climatic conditions with the recom- 
2S mendations it has made. The specifications, as recently promulgated, 
1S simply state the vapor pressure limits of gasoline which will give 
is reasonable freedom from vapor lock when used at or below the atmos- 
is pheric temperatures named. Presumably the interpretation of these 
n. specifications would depend on the purchasers and sellers of gasolines. 
a- If more definite specifications are considered necessary, this is a task 
for the future. 
:s, As will be shown later (Fig. 2) it may be important to define 
* “atmospheric temperature” in relation to climate because if the 
unmodified term is rigorously applied to climatic atmospheric temper- 
on atures the committee’s recommendations fall far short of describing 
present-day commercial practice. The desirability of taking this step 
will depend on the wishes of consumers and manufacturers of gasoline. 
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5. Vapor Lock.—In respect to vapor lock itself there are many 
kinds of vapor locking. The varieties most important to the motorist 
are the ones which cause him the most inconvenience, such as engine 
stoppage on idling after a hard run, or inability to start the engine 
after short stops following fast driving. The varieties of most con- 
cern to the automotive engineers are those which lead to loss of power 
and poor fuel economy. 

This brief review clearly shows that the subject of vapor lock 
is far from being thoroughly understood. The only simple thing 
about the problem is the cure. The cure is to rationalize the fuel 
_ systems of a few car models to provide for the quality of gasoline which 
will most certainly be the economic supply of the immediate future. This 
simple and inexpensive cure will accomplish so much improvement 
that the fine points of the phenomenon of vapor lock need not be 


As early as 1926 we formulated seasonal and geographic speci- 
fications for vapor pressure. These specifications were established 
almost entirely from a study of then existing commercial practices, 
chiefly among the small independent marketers because it was there 
we found the extremes in gasoline qualities. The specificutions were 
well within the extremes in gasoline qualities. 

These specifications were put into practice in 1927 and except 
for minor refinements are still unchanged. A considerable gallonage 
has been and is being marketed. The following were the vapor 
_ pressure specifications: 


Rem MEAN MEAN TEMPERATURE, DEG. FAnR., MEAN MAX. TEMPERATURE, DEG. FAR. 
Vapor Pressure FOR MONTH FoR PoINT OF FOR MONTH FOR POINT OF 
AT REFINERY SurpMent (Nov. 1, 1928) SuHrpMENT (Nov. 15, 1930) 


Neither the actual commercial results obtained under the above 
and similar shipping schedules nor the experience of gasoline marketers 
as judged from extensive surveys of the Reid vapor pressure of gaso- 
line at filling stations coincided with the conclusions to be derived 
from all the work up to and including the vapor lock study' of 1931 
cars. It was noteworthy that with limited exceptions* none of the 


10. C. Bridgeman, H. S. White and F. B. Gary, “Gasoline Vapor Pressures Permissible with 
1931 Motors,” Proceedings, Twelfth Annual Meeting, Am. Petroleum Inst., Section III, November, 
1931, p. 40. 
2G. G. Brown, “The Volatility of Motor Fuels,” Engineering Bulletin No. 14, Department of 
Engineering Research, University of Michigan, Ann Arbor, Mich. 
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vapor lock work had been done under conditions of actual vapor 
lock. 

At this juncture the Natural Gasoline Association of America 
requested that future work should be under actual vapor-locking 
conditions in actual cars. As a result, the 1932 work was done under 
the requested circumstances. Additionally, enough cars to represent 
90 per cent of the cars on the road were tested, the point of vapor 
lock was ascertained, sampling was soundly done, and extreme qualities 


in gasoline were investigated. 
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Vapor Pressure Predicted to Give Vapor Locking (Old Basis), Ib. 


Fic. 1.—Permissible Reid Vapor Pressures. Actual vapor locking tests versus 
calculated from fuel line temperatures. 


In terms of earlier published work the results were truly startling. 
The discrepancies between permissible Reid vapor pressures amounted 
to as much as 10 lb. and between permissible fuel line temperatures 
amounted to as much as 60 deg. Fahr. The average discrepancies 
amounted to considerably less. The accompanying Fig. 1 shows for 
the cars studied in 1932 the actual vapor locking Reid vapor pressures 
as compared with the permissible Reid vapor pressure calculated! 
according to the method used in the earlier C.F.R. work. The 
vacuum tank cars were omitted from Fig. 1 because they comprise a 
special case and would unnecessarily complicate the relationship 
presented. 


10. C. Bridgeman, H. S. White and FP. B. Gary, “Gasoline Vapor Pressures Permissible with 
1931 Motors,” Twelfth Annual Meeting, Am. Petroleum Inst., III, Novermber, 


1931, p. 40. 
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culated permissible Reid vapor pressure are vapor locking fuel line 
temperatures which are probably several degrees lower than non-vapor-_ 
locking fuel line temperatures. 
should be moved to the left of the chart by almost a pound. By dis- 
regarding this factor there are still substantial increases in permissible 
Reid vapor pressure. The highest calculated permissible Reid vapor 
pressure in the study! of 1931 cars was 15 lb. From Fig. 1 it is to be 
noted that 57 of the 90 points are above 15 lb. 

The full significance of Bridgeman’s most recent work does not 
strike home until some relationship as in Fig. 1 is visualized. Old 
ideas based on calculated permissible Reid vapor pressure still persist. 
Thus Mendius and Ainsley in their recent A.P.I. paper used best 
car performance in terms of the old ideas and concluded that a mere 
billion of gallons of now wasted butane could be added annually to 
the motor fuel supply. The statement went unchallenged. As a 
matter of fact, best car performance in the light of these new and rational 
investigations could create a market for not only all the butane currently 
extracted, but for all the butane available. 

There is another important relationship in the vapor lock problem 
which has not been shown before. The accompanying Fig. 2 shows 
the vapor locking Reid vapor pressures in 90 per cent of the cars on 
the road as determined by Bridgeman by actual experiment and the 
Reid vapor pressures of gasolines taken from filling station hoses. 
Both factors are plotted against atmospheric temperatures. In the 
case of the vapor locking Reid vapor pressures of automobiles, the 
atmospheric temperature is that of the individual test. In the case 
of the gasolines, the atmospheric temperature is the maximum ever 
recorded at the place where the sample was taken for the month of 
the year in which the sample was taken. The points representing 
cars may be considered as lines sloping sharply downward from left 
to right at angles depending on the heating and cooling characteristics 
of the individual cars represented by the points. Bridgeman tested? 
seven cars for heat input to the fuel system over a range of 45 deg. 
Fahr. in atmospheric temperature and found that with one exception 
the heat input declined very slightly with increasing atmospheric 
temperatures. 

It is difficult to reconcile opinions which are based on earlier 
methods of attack with the conclusions as outlined in the preceding 


The fuel line temperatures used in Fig. 1 as a basis for the ine s . : 


10. C. Bridgeman, H. S. White and F. B. Gary, “‘Gasoline Vapor Pressures Permissible with 
1931 Motors,” Proceedings, Twelfth Annual Meeting, Am. Petroleum Inst., Section III, November, 
1931, p. 40. 

2 O. C. Bridgeman, H. S. White and F. B. Gary, “‘ The Present Status of the Vapor Lock Problem.” 
Proceedings, Nat. Gasoline Assn. of Am., Table IV, p. 95 (1933). 
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| Discussion oN Vapor Lock 
_ paragraph, which are derived from Bridgeman’s recent work. The 
_ purpose of presenting Fig. 2 is to demonstrate that these new conclu- 
sions, based on actual vapor lock tests, agree much better with the 
experience of gasoline marketers. 
It is shown graphically that 10 to 15 per cent of the cars on the 
_ road will vapor lock with 50 to 75 per cent of the gasolines in the 
summer time. In the spring, with unseasonably hot days, before all 
of the winter gasoline has been disposed of, vapor locking may be 
encountered more frequently by a somewhat larger percentage of 
cars. Most of the cars can tolerate considerably higher vapor pres- 
sures and some can tolerate extremely high vapor pressures, partic- 
ularly in the cooler weather. Only a few cars are responsible for the 
_ uneconomically low vapor pressures of present-day commercial gasolines. 
‘4 On the fuel side of the picture the A.S.T.M. committee’s recom- 
mendations would outlaw many gasolines if the temperatures in the 
specifications were interpreted as ‘‘absolute maximum atmospheric 
temperatures.” It is at once apparent from Fig. 2 how important 
it will be to gasoline marketers to have the temperature base for 
vapor lock specifications accurately and well defined so there will be 
no possibility of misinterpretation on the part of individuals or inspec- 
_ tion agencies. It is certain that if “‘absolute maximum atmospheric 
_ temperature’’ were the basis, there would have to be a considerable 
change in the numerical limits to make the vapor lock specification 
agree with prevailing commercial practice. 
Ainsley, Baker and Phillips have reported! a relationship between 

vapor locking fuel line temperatures and atmospheric temperatures 
_ for three cars with artificially heated fuel lines. Temperatures of 
_ the liquid in the fuel pump were determined by means of thermo- 
- couples. Because the fuel systems were artificially heated to produce 
_ vapor lock it is difficult to see how a valid relationship could be estab- 
lished between atmospheric temperature and vapor-locking fuel line 
(fuel pump) temperatures. Under the conditions of the experiments 
as described it would seem that any desired fuel line temperature 
could have been obtained at any atmospheric temperature. An addi- 
tional contradiction is found in the fact that vapor locking at fuel 
pump temperatures below 90 F. is implied by the charts. This 
would require gasolines of at least 16 to 26 lb. vapor pressure. Yet 
it is stated, *‘in road test work commercial fuels purchased from 
service stations in the neighborhood were used.” -In the charts 

1W. G. Ainsley, L. E. Baker and E. B. Phillips, “* Methods of Testing Automobiles for Potential 


Vapor Lock,” Proceedings, Fourteenth Annual Meeting, Am. Petroleum Inst., Vol. 14, Section III, 
October, 1933, p. 22. 
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Vapor Lock 
Mr. Brown presented in his paper, which deal with these data in more 
intimate detail, the highest Reid vapor pressure shown as used in 
these three cars was 14 lb. 

One very pronounced discrepancy in the conclusions derived 
from the relationship is the use of fuel line temperatures during high- 
speed driving as the criterion for vapor pressure specifications to 
prevent vapor lock. Fuel line temperatures on idling and driving in 
city traffic were considerably higher. It would be interesting to 
know why these authors selected the driving condition which yielded 
the lowest fuel line temperatures. This is particularly interesting in 
view of Bridgeman’s recent statement: 

“Due to the large vapor-handling capacity of many fuel systems, it was 
found impossible to get some of the cars to vapor lock on idling except with 
a fuel which would not permit operation at constant speed. Thus, although 
the fuel temperature increased on idling, the decrease in volume of fuel required 
more than compensated for the rise in temperature. Likewise, a number of 
cars would not vapor lock while accelerating after an idling period.” 

The fact that vapor locking fuel line temperatures as determined 
by the block tests should agree so well with road test vapor lock fuel 
line temperatures in three cars is a coincidence that would not be 
expected from the Bureau’s recent work. This would mean that all 
four fuel systems had identical V/Z ratios. It is further quite unex- 
pected that the vapor locking fuel line temperatures should agree so 
well with the liquid “‘initial starting points.” According to Bridge- 
man’s recent work, vapor locking fuel line temperatures approach the 
liquid “‘initial starting point” (his predicted vapor locking temper- 
ature) only when the V/Z ratio of the fuel system approaches zero 
and this condition was only found in cars with vacuum tanks. Each 
of the four fuel systems, however, had pumps instead of vacuum 
tanks. 

It is with no intention of being destructively critical of what 
appears to be an excellent investigation that these comments are 
made. However, the conclusions to be derived from Bridgeman’s 
recent work are at complete variance with the conclusions to be 
derived from the work by Ainsley, Baker and Phillips. There is 
inadequate definition somewhere. Before the two sets of data are 
used in conjunction, these differences should be determined. 

From the viewpoint of petroleum economics it is utterly foolish 
to consider vapor pressure specifications as low as those proposed by 
the A.S.T.M. committee! The rapidity and universality with which 
the refining industry went to higher vapor pressures for winter gaso- 
lines should be strong enough evidence of the eagerness with which 
an over-abundant butane supply seeks the motor fuel markets. 
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568 Discussion ON Vapor Lock ~~ 


Many of the objections of the automotive engineers to the pro- 
posed specification limits are based on the increasing speeds of new 
automobiles. It is contended that the investigations have not 
covered an adequate range of high speeds. This is quite true. On 
the other hand it is contended that not enough work has been done 
on the entire subject of vapor lock for an accurate conclusion. The 
work that has been done clearly demonstrates that comparatively 
inexpensive revision of new automobile fuel systems will accomplish 
such far reaching changes that such factors as car speed, driving 
conditions, atmospheric temperature and volatility of the gasoline 
become minor in the vapor lock problem. 

On the subject of car speeds, very few of the cars which have 
been investigated are capable of sustained speeds much higher than 
the range studied. They either were not designed for such high 
speeds or they are now so old as to be incapable of high speeds or 
are unsafe at high speeds. From considerable driving experience it 
is a safe assertion that sustained car speeds of much over 60 miles 
per hour are not very imminent. Even on the prairies there are 
enough impediments to high speeds to make this an unlikely contin- 
gency for the immediate future. One of the greatest obstacles to speeds 
much higher than the average is not the speed itself but the inability 
of the other fellow to gage your progress. It is, no doubt, a safe 
observation that car speeds will rise slowly and universally rather 
than rapidly or sporadically. In considering sustained speeds of 
80 miles per hour we are, therefore, contemplating for the most part 
cars to be built in the future. The petroleum industry is of the 
opinion that if such cars vapor lock on gasolines marketed under the 
proposed vapor pressure specifications or any inferences derived from 
these specifications, the reason will be the automobiles and not the 
gasolines. There are enough engineering data available to make 
vapor lock impossible and this can be done at practically no cost to 
the manufacturer of the automobiles. 

There has been produced at great expense gasoline of high octane 
number to help make high top speeds possible. In so doing we now 
find that we have converted large quantities of our raw material into 
light hydrocarbons and that the increased volatility necessary to 
octane numbers has reduced the proportion of these light hydrocarbons 
that can be used in gasoline. Some far-seeing oil men anticipated 
this and have argued for rational design of fuel systems for the new 
cars of high top speeds. But now, in the year 1934, we are told that 
vapor locking is attributable to the very gasoline the automobile 
manufacturers have been asking for all these > years. 
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attention to the method by which vapor evolution was determined. 
The reference cited describes a method poorly controlled and regulated. 
It unnecessarily complicates the vapor lock problem to introduce 
another testing method. Mr. Boyd agrees that the Reid vapor 
pressure gives a useful indication of the vapor locking tendency. 
Again with reference to Fig. 1 of Mr. Boyd’s paper, what were 

the distillation characteristics of the four gasolines? Mr. Bridgeman’s | 
work on this variable demonstrated that considerable differences in — 


distillation characteristics were necessary to attain substantial differ- _ 


ences in practice. 
ing data: 


Mr. Boyd has subsequently furnished the follow 


40, 4 (Fic. 1) (Fic. 1) (Fic. 1) 


GASOLINE GASOLINE GASOLINE GASOLINE 


Submerged initial boiling point, deg. Fahr. 113 Mea 108 102 

Initial boiling point, deg. Fahr........... 90 86 90 90 

4 per cent condensed, deg. Fahr......... 102 100 102 102 

10 per cent condensed, deg. Fahr......... 115 113 108 116 

30 per cent condensed, deg. Fahr......... 163 167 125 173 : 
50 per cent condensed, deg. Fahr......... 219 223 144 217 ee = 
70 per cent condensed, deg. Fahr......... 273 276 180 — 
90 per cent condensed, deg. Fahr......... 341 343 255 334 2 
pomt, dae. Pabr. 390 394 378 372 
per cent... 97.5 97.3 98.0 


The fact that two gasolines of similar distillation characteristics 
and identical Reid vapor pressure should display substantial differ- 
ences in vapor evolution is worthy of note. 

Under the heading ‘Relationship of the Proposed Schedule to 
Commercial Practice,’ the accuracy of all surveys in respect to Reid 
vapor pressures is open to serious question. It is common knowledge 
that survey samples are seldom if ever handled with enough care to 
assure representative samples for vapor pressure determinations. 
In our own surveys we attempt to be scrupulous in this matter, but 
to be as careful as complete accuracy requires would be too expensive. 

Mr. Brown’s observation is here decidedly applicable: ‘Any 
errors or carelessness in sampling tend to show a low vapor pressure.” 

In all the charts in both Mr. Boyd’s and Mr. Brown’s papers 
which correlate permissible Reid vapor pressure with either atmos- 
pheric temperature or fuel line temperature, Mr. Bridgeman’s recent 
data fall in areas distinct from the results of other investigators and 
his own earlier work. As mentioned earlier, Mr. Bridgeman’s recent 
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ISCUSSION ON VAPOR Lock 
work has demonstrated that there is a great difference between vapor 
locking vapor pressures and vapor locking fuel line temperatures as 
compared with permissible vapor pressures calculated from vaporiza- 
tion characteristics of the gasolines and non-vapor locking fuel line 
temperatures. Until this great difference has been accounted for 
it is not valid to compare any but tests conducted under actual and 
_ practical vapor locking conditions. 

Mr. Boyd’s Table I does not tell the whole story. Five cars 
might have been selected to show exactly the opposite trend. As a 
matter of fact, one popular low-priced car which never before has 
been a vapor-locker has a 1934 model which is susceptible to vapor 
lock. 

There are no published data subsequent to 1932 but Mr. Bridge- 
man’s surveys show the following average values for temperature 
rises above omeageee ric at — pump inlet or vacuum tank inlet: 


STEADY 


Drivinc IDLING int 
29 43 7 
31 50 


34 48 at: 


Automotive engineers seem to think an ideal fuel system is neces- 
sary. This is not the case. There are no ideal fuel systems, yet 
70 to 85 per cent of the cars could tolerate high vapor pressure products 
under any circumstances. According to Bridgeman merely re-locating 
the fuel line will raise the permissible Reid vapor pressure 2 to 34 lb. 
All that is needed is fuel lines of adequate size located to avoid exces- 
sive heat input and sufficient vapor handling capacities to safeguard 
against vapor lock under extreme conditions, rarely encountered. 

There is much to be said in behalf of Mr. Boyd’s alternative 
suggestion. In the first place he provides a relatively greater factor 
of safety in cool weather than in warm weather. In the second 
place, there is much less possibility of misinterpreting his definition 
of atmospheric temperature. In the third place, his definition of 
Reid vapor pressure as in the fuel tank of the car is more closely 
related to the experimental work. 

The designation of specific temperatures in accordance with 
Mr. Boyd’s definition requires serious deliberation. It is reasonably 
certain that 95 F. is too low as a starting point. Commercial summer 
practice has demonstrated beyond serious question that 8-lb. gasolines 
have given reasonable freedom from vapor lock at atmospheric tem- 
peratures considerably above 95 F. 
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Mr. Boyd’s suggestion is not far removed from the committee’s 
recommendation. 
ing is suggested: 
HicHest Rem Vapor Pressure 
Gasoumwe FUEL TANK oF 


‘TEMPERATURE oF AIR IN 
Car GIvinc FREEDOM Vapor Lock 


Wuicu Car Is Driven, 


DEG. IN Majority oF Cars On RoaD 


Mr. Net MacCovtt' (presented in writien form)—I1 wish to 
call attention to the fact that there is a distinct difference between 
boiling gasoline in the fuel system, and vapor lock. In some of the 
discussion on this subject these terms have been used interchangeably, 
as if they meant the same thing. I therefore like to divide this 
subject into two parts: 

1. A gasoline will boil in passing through the fuel system of the 
car if it is raised to a temperature equal to its normal boiling point. 

2. Vapor lock rarely occurs in cars except when the fuel temper- 
ature is raised considerably above its normal boiling point, because 
large quantities of fuel vapor can be separated from the gasoline 
before it reaches the fuel jet. 

Most discussion of vapor lock indicates satisfaction if a gasoline 
can be used in a car without actually vapor locking. This, of course, 
is desirable, but I wish to call attention to the fact that a fuel should 
not be heated by the fuel system above its normal boiling point, even 
though vapor lock does not occur for the following reasons: 


1. There will be an increase in the fuel consumption of the car 
due to the volume of vapor lost, which may be as great as 10 per 
cent of the fuel used by the engine. 

2. The part of the gasoline lost as vapor represents the part 
which usually adds most to the anti-knock value of the gasoline. 

3. If the car is allowed to cool off after the gasoline has boiled in 
the carburetor, starting when cold will be made more difficult, because 
the fraction lost by evaporation is the part which aids most in starting. 

4. The loss of this gasoline vapor creates a fire hazard. 

I am particularly pleased that Mr. Brown has called attention 
to the fact that any change in fuel specifications which will decrease 
the tendency to vapor lock will also increase the difficulty in starting 
a cold engine. Clearly, then, the only logical solution to this ques- 
tion is for engine and car manufacturers to reduce the temperatures 
of their fuel systems. By so doing, it may become possible satisfac- 


1 Director, Mechanical Dept., Beacon Research Laboratory, The Texas Company, Beacon, N. Y. 
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torily to use gasoline that will start more readily at very low 
temperatures. 

In tests we are conducting on 1934 cars, we have found that a 
steady run in an air temperature of 80 F. at 40 miles per hour up a 
7-per-cent grade will raise the fuel system temperature to an average 
of 126 F. With the best car it was 119 F. and the worst car, 144 F. 
When idling after such a run, the temperatures rose appreciably for 
several minutes, the average for all cars being 146 F. The temper- 
ature of the worst car rose to 188 F. 

It is my belief that, in this part of the country at least, vapor 
_ lock while idling at a signal light in congested traffic is much more 

_ frequent and annoying than the vapor which occurs at high running 

speeds. 
/ ; Now it has been shown by Bridgeman and others that the normal 
boiling point of a gasoline (which is the temperature that would be 
recorded when distillation by the A.S.T.M. Method first starts, if 
the thermometer is submerged in the liquid) is approximately equal 
to the temperature for 10 per cent evaporated, as determined by the 
conventional A.S.T.M. Method.' It is therefore not a difficult 
matter to determine how high the 10-per-cent point of a gasoline 
should be in order to avoid boiling the fuel in these cars. It is also 
possible to specify this point in terms of Reid vapor pressure, since 
there is a definite relation between Reid vapor pressure and normal 
boiling point for any gasoline. For instance: 8, 10, and 12-lb. Reid 
vapor pressures correspond to normal boiling points of approximately 
133, 119, and 108 F., respectively. Of course a distillation with the 
thermometer in the liquid is much simpler and more direct than 
obtaining a value from a Reid bomb. 

In our experimental work these same cars were operated with 
gasolines of approximately 8} and 12} lb. Reid vapor pressure, the 
air temperature being raised until vapor lock occurred on idling after 
the standard run. With the 8}-lb. gasoline, vapor locking occurred 
at an average temperature of 152 F., with a minimum of 141 F., 
although one of the cars did not vapor lock even when the fuel tem- 
perature had risen to 169 F. The normal boiling point of this gasoline 
was 139 F. With the 123-lb. gasoline, the average vapor locking 
temperature was 136 F., with a minimum of 110 F. The normal 
boiling point of this gasoline was 110 F. 

It may seem strange at first glance that one of the cars vapor 
locked at the same temperature with each of these gasolines, and 


! Standard Method of Test for Distillation of Gasoline, Naphtha, Kerosine and Similar Petroleum 
Products (D 86 - 30), 1933 Book of A.S.T.M. Standards, Part II, p. 778. 
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another car ¢ vapor locked with the 8}-lb. gasoline | - did not with 

123-lb. gasoline. The reason for this is explained in Fig. 1 of 
Mr. Boyd’s paper which shows that while two gasolines may start 
to boil at the same temperature (and will thus have approximately 
the same Reid vapor pressure), one of them may give off a much 
greater volume of vapor than the other when they are both heated to 
any higher temperature. This is a very important fact, since a given 
car can handle only a limited volume of vapor before it will vapor lock. 

It is evident that the vapor locking tendency of a gasoline 
cannot be specified in so simple a manner as by a single Reid vapor 
pressure. It might be done with two Reid vapor pressures taken 
with different ratios of vapor to liquid in the bomb, or by the much 
simpler way of directly measuring the liquid temperature for two 
given volumes evaporated, such as 2 and 10 per cent. 

But I wish to state again that the only logical solution to this 
whole question of vapor lock is to reduce fuel line temperatures so 
that the gasoline will not boil at any time. Under these conditions 
the only fuel data needed would be a measure of the normal boiling 
point, for which a single Reid vapor pressure would suffice. 

Mr. O. C. BRIDGEMAN.'—What puzzles me about the two papers 
presented is the fact that Mr. Boyd’s data fall below the curve which 
seemed to give reasonable protection from vapor lock on the basis 
of the previous work. This lack of agreement, it seems to me, must 
be due either to differences in interpretation of what constitutes 
vapor lock or to differences in measuring equipment and technique. 
Unfortunately, Mr. Boyd has not gone into much detail regarding 
the instrumentation and technique employed in his work. Several * 
questions arise as to the possible explanation of the differences. am uN 

In the first place, what is vapor lock? It has never been defined ; 
satisfactorily. It can possibly be defined as an interruption in the 
normal performance of the engine to an extent sufficient so that it 
is distinctly evident, but I do not know that one can go much farther 
than that. It is necessary to decide upon the criterion for vapor 
lock, and then to put the responsibility definitely on the operator and 
the observer as to whether vapor lock is occurring in accordance with 
the chosen criterion. This requires considerable training of the driver 
and observer, especially since they must not only have sufficient 
experience with each test car so as to know what the normal per- 
formance of each car is, but they must also be trained to overlook 
insignificant variations in performance. One possible explanation as 
to why Mr. Boyd’s data differed from the previous data is that he is 
taking a criterion which differs from that taken in other work. ph ar. 


1 Physicist, National Bureau of Standards, Washington, D. all wt cor 
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Discussion on Vapor Lock 


The cmnpuienels measurements are very difficult in the case of 
the gasoline flowing through the fuel system. The National Bureau 
of Standards had to do a lot of preliminary experimental work before 
an entirely satisfactory means of measuring these temperatures was 
developed. The temperature taken as the vapor-locking temperature 
is necessarily a minimum value, due to the fact that thermometers 
are located finite distances apart along the fuel system. The number 
of thermometers used and their location determine how much the 
observed vapor-locking temperature is lower than the actual vapor- 
locking temperature. In other words the permissible vapor pressure 
will be higher than that found by an extent dependent upon the 
instrumentation and installation. 

The question of sampling is also important. The measured vapor 
pressure of the gasoline in the main tank will always be lower than 
the vapor pressure of the gasoline flowing through the fuel lines, the 
difference being dependent upon the method and care used in sampling. 
Even when sampling by water displacement and taking all conceiv- 
able precautions, errors as large as 0.5 Ib. in vapor pressure may be 
obtained. 

In concluding, we should not lose sight of the fact that it is 
necessary to compromise between ease of engine starting on the one 
hand and the occurrence of vapor lock on the other hand. If the 
vapor pressure of the fuel is made too low, engine starting may be 

aia If the vapor pressure is too high, extensive vapor lock 
_ difficulties may be encountered. Very little can be done in improving 
_ carburetor design so as to increase the ease of engine starting. On 
_ the other hand, many improvements can be made in fuel system 
design and installation which will keep more heat out of the fuel. 

Mr. GILBERT Way.'—As a representative of one of the auto- 

_ motive companies, I should like to emphasize Mr. Boyd’s statement 
wherein he says, “It is the obligation and desire of the automotive 
industry to make cars as free as possible from vapor lock.” 

You are all no doubt aware of the fact that a very considerable 
part of the work of an automotive engineering department is in deal- 
_ ing with service complaints from the field. It has been our experience 

that in instances of vapor lock difficulties the car is almost invariably 
blamed for the trouble. The average motorist rarely considers that 
the fuel might be of too high a vapor pressure, and in most cases he 
does not even know that vapor lock is occurring. Consequently it 
is absurd to think that an automotive manufacturer could ignore all 
complaints on the score of vapor lock and continue building a car 
with a poor fuel system. Mr. Boyd has shown that improvement has 


1 Chrysler Corp., Detroit, Mich. 
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ON VAPOR Lock 


been made in lowering fuel line temperatures in the face of greater 
heat.dissipation. It must be remembered that there are some very 
definite limitations in this respect due to existing induction systems, 
wherein it is universal practice to have the carburetor somewhere near 
the manifold and lead a fuel line to it from a pump bolted to the crank- 
case, all of which are necessarily under the same hood with a very hot 
engine and radiator, and an exhaust pipe that may be at red heat. 

Recent data obtained at our laboratory substantiate the state- 
ment that many cars now in use will vapor lock on gasolines of the 
proposed specifications at the atmospheric temperatures correspond- 
ing tothem. Indications are that even the schedule of vapor pressures 
proposed by Mr. Boyd would cause trouble under conditions con- 
ducive to vapor locking, but by no means uncommon. I refer to the 
condition of starting after a short stop which has been made after a 
fairly high speed run. This is exactly what is encountered when 
traveling along the highway and a stop is made for some traffic con- 
ditions or re-fueling, and by no stretch of the imagination can this 
be called an exceptional or rare case. This condition while highly 
undesirable and annoying in level country operation assumes most 
serious proportions when applied to driving in hilly or mountainous 
regions. There the car will not clear itself up after a period of spitting 
and sputtering, as is usually the case on the level but will absolutely 
go dead on the grade, with the only alternative of backing off to the 
side of the road, which, to say the least, is a most uncomfortable 
situation and might even lead to disastrous consequences. 

It is true that there are a great many owners of motor cars who 
drive very moderately and would never experience vapor lock, even 
on fuels exceeding the proposed specifications. However, if such 
cases were to influence our decisions on these matters, practically all 
progress would come to a standstill and no improvements would ever 
be made. 

With all due respect to the work of the investigators on vapor 
lock, and there is no question but that all the data presented were 
carefully taken and are accurate, it is our belief that some of the data 
collected do fall under the category of the aforementioned ‘“‘mild 
operation,”’ and that the preponderance of such data on some of the 
curves is apt to be misleading. 

The vapor pressures given in the latter section of Mr. Brown’s 
paper of 11 lb. at 100 F., 14 lb. at 85 F. and 19 lb. at 65 F. for future 
use are beyond the scope of my imagination with my present limited 
experience with fuel systems. 

There are sufficient data to show that the cars on the road at 
present will have trouble under — frequently encountered con- 
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ditions and that the proposed specifications do not offer as much 


_ We strongly feel that the alternative values as suggested by Mr. 
~ Boyd represent a much fairer compromise for the present. As to the 
= it is our earnest desire to cooperate with the oil industries and 
we would, in addition to our own endeavors, welcome any suggestions 
that would help produce a foolproof fuel system that would enable 
_ the use of high vapor pressure gasolines without vapor lock or exces- 
vapor loss. 
Mr. G. G. OBERFELL.'—I should like to ask Mr. Boyd if the 
_ temperatures referred to in his Fig. 2 represent test temperatures? 
_ By this I mean, do the temperatures refer to tests taken of the atmos- 
_pheric temperatures at the time the vapor lock tests were made? 
In other words, could you correctly apply to the curve shown the 
temperature taken outside of the car in the manner which Mr. Brown 
_ employed in his vapor lock experiments? 
. Mr. T. A. Boyp.*—In our work atmospheric temperatures were 
measured by means of a mercury thermometer held at arm’s length 
_ from the side of the moving car. This thermometer was shielded 
from the direct rays of the sun. The temperature thus obtained was 
then compared with the reading of a conventional Weather Bureau 
recording thermometer situated directly at the side of the track, and 
the two were found to be in agreement. 
Mr. OBERFELL.—Do you think they would correspond with 


Mr. OBERFELL.—I should like to have Mr. Bridgeman’s opinion 
as to whether these atmospheric temperature test results agree with 
those obtainable by the method which he employed in his vapor lock 
experiments? 

Mr. BripGeMANn.—I should say driving on a concrete road that 
the temperatures would be higher than would be those reported by 
the Weather Bureau. 

Mr. OBERFELL.—Apparently Mr. Boyd is almost in agreement 
_ with the committee’s recommendations; the difference between his 
af i> - recommendation and those of the committee amounts to about 1 Ib. 


ments of this kind, it is my opinion that the recommendations are in 
as close agreement as could be expected. At least this much dis- 
crepancy was to be anticipated between the two recommendations, 


! Vice-President in Charge of Research, Phillips Petroleum Co., Bartlesville, Okla. 
? Head, Fuel Section, Research Division, General Motors Corp., Detroit, Mich. 
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conditions one would expect to consider so far as reasonable freedom 
from vapor lock is concerned. 

There has been much criticism about the use of the expression 
“atmospheric temperature.’ I do not think this criticism is justified. 
The committee members certainly knew they were referring to “test 
temperatures’? whenever the expression “‘atmospheric temperature”’ 
was employed. The committee had no intention of attempting a 
correlation of test temperatures with climatic conditions. There 
would have to be a tremendous amount of data compiled from the 
U.S. Weather Bureau records if such a correlation were attempted. 
I think this latter problem has more to do with shipping schedules 
than it has to do with motor fuel specifications. No one would con- 
sider it necessary to have a motor fuel specification that would assure 
freedom from vapor lock at the maximum atmospheric temperature 
ever recorded. It is not necessary to have a specification that would 
assure freedom from vapor lock at an atmospheric temperature that 
would be encountered only once in a hundred years and only at a 
time when one would expect to drive his car at a speed of 80 miles 
per hour. To provide for protection for freedom from vapor lock for 
all cars at the maximum atmospheric temperature ever recorded by 
the U. S. Weather Bureau is not within the bounds of practical motor 
fuel specifications. 

Much criticism has also been directed against the use of the 
Reid vapor pressure as a specification for insuring reasonable freedom 
from vapor lock. We are not interested in showing a relation between 
the Reid vapor pressure and the vapor lock temperature. The Reid 
vapor pressure test is intended to provide a test condition that will 
evaluate the worst conditions to be encountered and thereby insure 
a means of determining a test value that will serve as a guide for the 
protection of the majority of cars. The Reid vapor pressure testing 
method embodies principles that make it an ideal one for this purpose. 
In the present Reid vapor pressure testing method the volume of the 
air bomb is four times that of the liquid bomb. The vapor handling 
capacities of most of the cars in the majority of instances are greater 
than this ratio. In this connection I want to emphasize that there 
are two problems to be considered when contemplating a vapor pres- 
sure specification as a means of safeguarding from vapor lock diffi- 
culties. One is that the numerical value should be so low that pro- 
tection will be provided for the majority of the cars. The other 
problem resides in the fact that the method of determining the vapor 
pressure should be such that it will represent the worst conditions 
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— in actual practice. Both of these principles are incor- 

porated in the motor fuel specifications recommended by the com- 
proc 0 It has put a rigid interpretation on the method of taking 
_ the test and a rigid interpretation on the actual values determined 
by that method. In my opinion the recommendations of the com- 
mittee are highly conservative in this respect. 

} I should like to call attention to the fact that Reid vapor pres- 
sures much higher than those recommended by the committee can be 
used in many instances. In criticizing the Reid vapor pressure test- 
ing method Mr. Boyd showed that different gasolines of the same 
Reid vapor pressure gave off different amounts of gas when heated 

to the same temperatures above 100 F. This argument carried to 
extreme would be represented by a constant boiling compound such 
as pentane and in this connection I should like to refer to some road 

_ tests conducted with commercial pentane which had an end point 
. 97 F. and a Reid vapor pressure of 17.5 lb. This product was 
_ driven in a Chrysler Imperial 8 at a speed of 60 miles per hour when 

the atmospheric temperature was 60 F. No trouble from vapor lock- 

_ ing was encountered either while driving or upon subsequent idling. 

a Mr. W. A. SmitH.'—We have had quite a little vapor lock diffi- 

_ culty on stop lights under heavy traffic conditions this year, and in 

analyzing the reason therefor we came to the conclusion that we 
could not place much confidence in the Reid vapor pressure as an 

a absolute test. As a suggestion to the committee I should like to give 
out this one thought: In 1931 we were selling a 50 per cent distilled 

i gasoline at 270 F. In 1932 that had dropped to about 250 F. In 
- 1933 it had gone down to 235 F., and in 1934 it was about 210 F. 

_ In 1931 we were selling a 9-lb. gasoline, i in 1932, 83-lb., in 1933, 83-lb., 

and we had to drop it to 8 lb. this year. There must ‘be some reason 

‘a for that. I think Mr. Boyd’s paper gives the answer. The larger 
amounts of low boiling fractions are responsible for the difficulty. 

Mr. G. G. Brown.?—In view of the discussion it is clear that 
there are different points of view as to the object to be accomplished 
by recommending specifications to insure reasonable freedom from 
vapor lock so far as the fuel is concerned. I believe that every mem- 

_ ber of the Vapor Lock Section thoroughly appreciates that the recom- 
mended limits will not prevent vapor lock on all cars under all con- 

_ ditions. In order to do so would demand the use of fuels of lower 

vapor pressure than are now in common use, as vapor lock is now 

being experienced on many cars under severe conditions throughout 
the country. If an attempt were made to so limit the vapor pressure 


1 Manager, Gasoline and Oil Depts., Larkin Co., Inc., Buffalo, N. Y. 
3 Professor of Chemical Engineering, University of Michigan, Ann Arbor, Mich. 
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of fuels as as s absolutely to prevent vapor lock on all ~— under all con- 
ditions of service, it would be found that starting would become 
extremely difficult, if not impossible, in many parts of the country at 
times when the temperature varies over wide limits within a few hours 
or few days. 

For this reason, leaving out of consideration the relative respon- 
sibility of the car and the fuel for causing vapor lock difficulty, and 
considering solely the user from the standpoint of ease of starting on 
a cold morning and freedom from vapor lock when using the same 
gasoline a few days later when the temperature may be much higher, 
it is clear that the setting of limits to insure reasonable freedom from 
vapor lock so far as the fuel is concerned is a compromise. 

When in addition to these factors, it is considered that the light 
hydrocarbons which may be included in greater quantity in gasolines 
of higher vapor pressure possess extremely high anti-knock property, 
and must be wasted if not included in motor fuel, the economic impor- 
tance of reaching a proper compromise may be appreciated. By 
relatively simply modifications in the fuel system, practically all 
motor cars now experiencing difficulty with vapor lock may be made 
to handle fuels of the recommended vapor pressure without difficulty. 
This statement is supported by the data reported by Boyd in his 
Fig. 2, where it is indicated that if the fuel systems of the worst cars 
are modified so as to lower the maximum temperature of the gasoline 
about 8 deg. Fahr., vapor lock would be entirely eliminated with 
fuels of the recommended limits, when such fuels are used under 
severe driving conditions at a temperature as recorded by a Weather 
Bureau station equal to the maximum for the allowed vapor pressure. 

I should like again to emphasize the fact that relationships such 
as reported in Fig. 3 of Mr. Boyd’s paper which gives the Reid vapor 
pressure of the gasoline and the observed vapor locking temperature 
of the fuel are apt to be most unreliable unless extreme care is taken 
to determine the observed vapor locking temperature only under 
vapor locking conditions and at the exact point at which vapor lock 
occurs. Since this is difficult, the committee has taken the position 
that actual data such as reported in Fig. 2 of Mr. Boyd’s paper are 
far more reliable for purposes of recommending vapor pressure limits. 

These recommended limits will insure reasonable protection from 
vapor lock so far as the fuel is concerned, because many cars are free 
from vapor lock with such fuels even under the most severe conditions, 
and those now experiencing difficulty can be brought into line without 
difficulty. Therefore a reasonable compromise demands that the car 
manufacturers so modify their fuel systems in those particular cases 
where vapor lock is now — as to eliminate that difficulty. 
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Mr. Boyp.—The distillation characteristics of the three 12-Ib 

gasolines and the one 14}-lb. gasoline requested by Mr. Alden were 
furnished to him as set forth in his discussion. Also I shall be glad 
to supply any one interested with information about the form of 
apparatus and procedure used in determining vapor evolutions. This 
direct method of determining the vapor-evolving characteristics of a 
gasoline is based upon the work of Francis.'. The actual procedure 
and apparatus used in getting the data on the volumes of vapor 
evolved, as presented in Fig. 1 of the paper, were developed by M. J. 
Mulligan of our staff. In this method the volumes of vapor evolved 
at the various significant temperatures were measured directly over 
dry mercury. The results obtained were definite and reproducible. 
: The answer to the question about why, on gasolines of given 
Reid vapor pressures, the results obtained in our work show vapor 
lock as having occurred at temperatures considerably lower than 
‘those at which vapor lock was observed in the cited work of Bridge- 
‘man is simply that the 40 mile per hour operating conditions under 
which Bridgeman’s tests were run were altogether too mild to be 
representative of service conditions. Drivers customarily run 60 
miles per hour and more, and that was therefore done in our work. 

With regard to the kinds of disturbances which were called vapor 

lock in o: work, it may be said that they were not in any sense 
questionable types. As is indicated in Fig. 2 of the paper, they 
consisted of the following unmistakable forms: engine would not 
start after a brief stop, engine would not idle, engine failed completely 
- during acceleration after standing, car would not run at high road 
ss on the level or it failed completely at wide-open throttle on 

_ the hill. 

Ras As regards method of sampling, it may be noted that in our work 
<a samples of gasoline used in getting the data presented were taken | 
- from the fuel tank of the car by withdrawal through the drain plug 
ee the bottom of the tank and collected by water displacement in a 

completely closed system. Following collection, the best known 


technique was employed in handling the samples and in measuring 
the Reid vapor pressure of each. Careful measurements were also 
made to determine how the Reid vapor pressure of the gasoline taken 
from the fuel tank of a car compared with that in the filling station 
tank from which it was filled. It was found that the two values 
agreed within one or two tenths of a pound, or well within the experi- 


. K. Francis, ““ Method for Determining Vapor aed "Od and Gas Journal, March 17, 1932, 
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BITUMINOUS JOINT COMPOUNDS FOR SEWER PIPE ni 


Jevretai 
SYNOPSIS ps 


Leakage into or from sewers occurs almost always at the joints. To make 
joints that are tight and that will remain so during the life of the sewer requires 
a material that is proof against water, acids, alkalies, gasoline, motor oils, heat, 
shocks, and settlement of the pipe. It is also desirable that it be durable, in- 
expensive, easy to handle on the job, repellent to roots of trees and shrubs, and 
somewhat pliable. 

This investigation includes a study of some of the physical properties of a 
score of bituminous joint compounds for sewer pipe now on the market, together 
with others that have not yet been manufactured commercially. The tests 
were made using 6-in. vitrified clay sewer pipe, and were performed in the 
Materials Testing Laboratory of the University of Illinois under a Fellowship 
agreement with the Clay Products Association of Chicago. Tests were made of 
the ability of the filled joints to remain water-tight when subjected to internal 
and external water pressure; the resistance of the joints to flexure; the solvent 
action of light petroleum oils; the action of sewage on the jointing materials; 
the adhesive qualities of the compounds; the determination of the rate of 
settlement of mineral fillers in bitumens; the comparison of cold plastic materials 
with hot-poured types; and the evolution of several new compounds containing 
bitumen and rubber. 

All but one of the compounds produced joints able to withstand pressure. 
If mineral fillers are added to bitumen they will settle to some extent, especialiy 
during the period of heating. Gasoline in sewage has a solvent effect on asphalts, 
but coal-tar pitches are unharmed. The addition of mineral fillers to pure 
asphalts will reduce their tendency to foam when hot and if brought in contact 
with water. Satisfactory cold plastic materials were produced from powdered 
asphalt. Ordinary house sewage had no effect on any of the compounds. 
Adhesion tests were unsatisfactory. Rubber suspensions in asphalt produced 
new materials, one of which apparently is very satisfactory. #153) a 5,98 


$85 


In making the pressure test, the joint was prepared by blocking 
the position of the pipes, calking with jute, and placing a rubber hose 
runner in front of the bell. The bitumen was heated to the proper 
temperature and immediately poured into the joint. It was then 
allowed to cool to room temperature. 

A plumbing test plug was placed at each end of the pipe which 
was then filled with water, and pressure applied. In practice, a sewer 


1 Professor of Highway Engineering, University of Illinois, Urbana, Ill. 
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pipe is not ordinarily subjected to a pressure of more than 5 |b. per 
sq. in., although there may be occasions where greater pressure may 
be exerted for short periods. In this test the pressure was increased 
in 5-lb. increments to a maximum of 30 lb. All of the materials 
tested were satisfactory at 5 lb., and but one of them failed at 30 lb. 
However, the test brought out the following other features of practical 
interest. 

Tiny cracks and imperfections in tile pipe that are not patent to 
the naked eye often cause leakage around the joint. The joint 
compound appears to have failed, whereas, in reality, it is perfect. 
Hence, if the pipe is to be under pressure, each individual tile should 
be most carefully handled and inspected before laying. Again, wet 
joints may cause the asphaltic compound to foam so excessively that 
the joint cannot be filled. This is true of all pure asphalts. If a 
mineral filler is mixed with the asphalt, excessive foaming may be 
prevented. The percentage of filler varies with the asphalt used, but 
apparently it should be between 30 and 50. If the amount of filler is 
too great, the compound is so stiff that it will not penetrate to the 
bottom of the joint. Excessive foaming causes bubbles to form on the 
pipe, causing the joint to be materially weakened. 

And finally, it was observed that in those compounds made with 
mineral fillers and bitumen, there is a marked tendency toward 
separation of the ingredients. This led to the next tests, the settling 


tests. 


While the investigation was in progress it had been noted that the 
samples containing mineral fillers had shown a difference in quality 
and texture at the top and the bottom of the containers. It seemed 
advisable to ascertain how much settling occurs when the compound 
is packaged, and how much settles out when the compound is heated 
in a kettle on the job. 

To test for the former, samples were taken from the top and the 
bottom of the containers on their arrival and at regular periods 
thereafter. To test for the latter, a funnel with an interior angle of 
60 deg. was made; the sides were steep enough so as to be above the 
angle of repose, even for a very plastic material. A removable cup 
was placed at the bottom to catch the settled filler. The material 
under test was taken from fresh factory shipments and placed in the 
funnel which was then kept in an electric oven for 3 hr. After cooling, 
the cup was removed and samples were secured from it. At the same 
time, samples were taken from the material at the top of the funnel. 
Analyses were made. 
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Apparently all mineral fillers tested settle. The settlement takes 
place not only in the heating kettles but also in the containers shipped 
from the factory. Those fillers whose specific gravities are close to 
that of the bitumen settle more slowly, and to a lesser degree than the | 
heavier ones, but they do settle. The settlement might prove to be 
objectionable if the containers are large and if the compound contains 
as much as 45 per cent filler, by weight. 

As soon as even a slight concentration of filler occurs at the 
bottom of the kettle, the circulation of bitumen is retarded, and very 
soon over-heating begins which develops into coking. The percentage 
of filler that will make the compound too stiff to flow varies with each 
combination of filler and asphalt. However, this point is around 
50 per cent by weight. This fact is of importance to the man in the 
field, because, when this “fluid limit” is reached or exceeded, the 
compound begins to coke immediately. Burned out kettles are the 
result. Constant stirring in the kettle is necessary with such materials. 


Resistance to Solvents Test: 

Although most city ordinances prohibit the dumping of gasoline 
and oils into sewers, it is the practice of filling stations and garages to 
disregard the law. A considerable amount of these materials will be 
found in the average sewer. Tests were run to determine whether 
such materials are harmful to bituminous joint compounds. 

Observation of the solvent action of petroleum ether on the 
bituminous compounds in actual joints was made. ‘Two hundred 
milliliters of petroleum ether were put in a pipe, the ends of which 
were plugged, and the jointing compound was watched twice a day 
until failure occurred with the asphaltic compounds. The ether had 
no apparent effect on the coal-tar pitch compounds. The asphalt 
failed by oozing from the joints on the fourth day. It will be noted 
that there was nothing in the pipe but petroleum ether, and hence the 
compounds were exposed to this solvent in concentrated form. In 
real sewage, the percentage of gasoline to water is trifling, and hence 
there is probably little solvent action actually taking place. Further- 
more, if the solvent action is great enough to soften the compound to 
any extent, the pressure of the surrounding earth will hold the com- 
pound in place until the excess solvent has volatilized. 

Another test was made by placing samples of similar size in flasks 
containing 25 ml. of petroleum ether and noting the rate at which the 
samples were dissolved. There was little difference among the pure 
asphalts, but the compounds with fillers showed great variation. 
The rate of dissolving decreased directly with the increase in the 
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aan 2 amount of filler. The solvent action on the coal-tar compounds was 
negligible. 

4 " It seems from these tests that the gasoline and oils present in 
_ sewage have little solvent action on bituminous compounds. 


Stability Tests: 


ip Jointing compound should stay in place for the life of the sewer. 
It therefore should not disintegrate, flow, nor creep. In order to 
ascertain how the compounds would act, from a laboratory stand- 
_ point, joints were filled and the pipes were placed on racks in a room 
kept at 24 C. (75 F.). This was a rather severe test since there 
was no earth about the joints to help hold the compound in place. 
“ It was found that those asphaltic compounds with high pene- 
tration would flow soon after the form that held them during setting 
time was removed. If these high-penetration asphalts are stabilized 
“with filler, they do not flow. 
The coal-tar pitch jointing compounds used in this work were 
evidently not suitable, since even the very hard pitches flowed at room 
a temperature. However, at a later date, and when the investigation 
We was almost over, a pitch compound was submitted which has 
not flowed after a period of 6 months. It seems to be the most stable 


Time and energy were expended to try to find a good, reliable, 
satisfactory adhesion test. The results to date are zero. _ 


In some types of field work it is handy to use a jointing material 
that can be applied cold, much as plaster is used. Numerous materials 
were experimented with, but all of the early attempts ended in partial 
failures. Eventually a material was produced that seems to be satis- 
factory. It is made by mixing an asphalt cement of high penetration 
with powdered asphalt dissolved in benzol. The product is a plastic 
compound that may be either troweled into the joint, or shaped to 
i _ form and pressed into place with a jack. The first method would be 
=: excellent for patch work, and the latter would be of use on big jobs 
; where speed of construction is desirable. This compound would have 
~ be used with some degree of speed and skill since the benzel evap- 
= rapidly. After the joints have been filled, they should stand 
exposed for 5 hr. or more, and the sewer system should not flow to 
its full capacity for a week, as pressure from within may cause the 
_partially-set compound to become dislodged. The joint can stand 
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external pressure up to 30 lb. per sq. in. immediately if first calked 
with jute and then well filled with the plastic compound. This ma- 
terial is resistant to solvents. 


Rubber-Asphalt Compounds: 


It has always been difficult to fill successfully the joints of a 
vitrified clay sewer pipe when the joints are partially full of trench 
water. And it has been considered impossible if the pipe is sub- 
merged. As previously noted, foaming occurs unless the compound 
is well loaded with filler, in which case the compound may be so stiff 
that it stops flowing when it strikes the water in the trench. Mr. 
F. R. Grant conceived the idea that a mixture of rubber and asphalt 
might solve the problem. After many experiments he produced a 
compound that has several unique features. Apparently it is a true 
colloidal suspension.!_ The compound pours readily at 185 C. (365 F.), 
and is not harmed by being kept at a temperature of 225 C. (435 F.) 
for 2 hr. It may be poured into a joint submerged in water, and will 
fill it without excessive foaming. It is not brittle at 0 C. (32 F.), 
and it is stable at 100 C. (212 F.). It is attacked by solvents to the 
same degree as pure asphalt. 

This new material has so many advantages over some of the 
older types that it will be well to watch its development. Of course, 
sufficient time has not elapsed since its invention to show whether 
it has long-time lasting qualities. 

Thirty-three compounds were tested. Each was given a number, 
and throughout the tests the materials were known only by number. 
Laboratory tests were run and data recorded on all of the compounds 
that were used. These tests agreed closely with those run by the 
manufacturers. 

The information presented in this paper is a part of that contained 
in a manuscript in preparation for a Bulletin of the Experiment Sta- 
tion of the University of Illinois. 


SUMMARY 


1, All of the materials tested withstand internal and external 
water-pressure such as is encountered in ordinary sewers. 

2. Vitrified clay pipe that has been broken, to even the slightest 
extent, should not be used. 

3. Asphaltic materials containing admixtures of fillers (40 to 50 
per cent, by weight) can be successfully poured when water is present 
in the trench, but pure asphalt, or asphalts with a low percentage of 
filler will foam so excessively as to make an imperfectly filled joint. 


1 Patent applied for. 
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4. All poured jointing compounds tested containing fillers in 
amounts over 10 per cent show a marked tendency for the fillers to 
settle and thus cause the material to overheat, coke, and burn. 

5. Gasoline, petroleum ether, and other similar solvents found in 
sewage will destroy asphalt compounds if exposed for a long time, 
such as two or three days, but, in practice, there is no harm done if 
the solvents are washed away fairly rapidly. 

6. Coal-tar pitches are not affected by the ingredients in sewage, 
but they have a tendency, except in one instance, to flow out of the 
joint. 

7. A cold plastic compound can be made from powdered asphalt, 
a suitable flux, and a solvent. This compound has all the require- 
ments of a good jointing compound. 

8. A poured compound of rubber and asphalt was produced that 
was successful. 
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Mr. H. B. Puttar! (by letier).—It was my pleasure some time 
ago to witness tests at the University of Illinois on the rubber asphalt 
compound referred to in Mr. Crandell’s paper. I was agreeably 
surprised at the results which this asphalt-rubber mixture seemed to 
give. While it should still be placed in an experimental classification, 
its potential possibilities are most excellent, and the results already 
accomplished fully warrant and justify further study of this type of 
material. 

In my experiences I have found that certain types of blown 
asphalts are most suitable for joint compounds where the sewer pipe 
is dry and where the pure asphalts can be properly applied; but they 
have proved very unsatisfactory in wet joints or when applied under 
abnormal conditions. The asphaltic compounds, usually made by 
mixing silica sand or dust with pure asphalt, have overcome to some 
extent the deficiencies of the pure materials. However, these com- 
pounds, as stated in the paper, tend to separate when heated and 
require more skill and attention for proper handling than the average 
conditions permit. 

If it is possible to combine the attractive uniform qualities of the 
pure asphalt and the adhesive and pouring properties of the asphalt 
compounds into one material, it will be most desirable. 

The successful experiments conducted with the rubber asphalt 
compounds would indicate that they might be the answer to a satis- 
factory bituminous jointing compound. 

Mr. C. S. REEveE.*—I have strongly questioned the peculiar 
behavior of one of the samples of coal-tar pitch material referred to 
in the paper. There is nothing in the data or in the tests of the 
physical properties of this material to show just why it behaved as 
peculiarly as it did. We can see no reason why a pitch compound, as 
has been shown since, should not be prepared that will meet the 
requirements that it is expected to meet. 

So far as the leakage goes, and this applies I believe to a great 
many samples, that is due, as Mr. Crandell has said, not to the com- 
pound itself but to defects or slight imperfections in the clay pipe. 
As I gather, practically all of these materials are applied without a 


1 General Manager, American Mexican Petroleum Corp., Chicago, IIl. : Hi 
Manager, Research Development, The Barrett Co., Leonia, N. J. 
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primer. I wonder whether a great deal of the trouble could not be 
overcome if a priming coat were used before the application of the 
compound. 

1 understand that the information secured is to be used during 
the coming year in the formulation of specifications. Some specifica- 
tions have come to my attention recently in which there has evidently 
been an attempt to correlate the stability of the material with some 
simple form of test. One in particular is a small cylindrical specimen— 
roughly, I should say } in. in diameter by 2 in. in length, subjected to, 
I think 140 F. (60 C.) for 2 or 3 hr. without any appreciable slump. 
Some of the compounds stand that test very well, and I should be 
in'> ested in knowing if Mr. Crandell has had any experience with 
the: particular slump test, and whether he has any correlations of that 
test with the stability test which he has made. 

There is another test which is a modification of the one described 
in this paper that might be considered, and that is a settling test 
developed by the Pennsylvania State Highway Commission. A 
rather complicated apparatus has been developed for determining 
settlement in joint fillers, but while it is somewhat complicated, it 
comes pretty close to putting that test on a more or less standard and 
reproducible basis. 

Mr. J. S. CRANDELL.'—Mr. Reeve has referred to the use of 
primers before the application of the compounds. We used the 
compounds exactly as the manufacturer directed. 

Mr. J. S. MILLER, Jr.*—Having been interested for some twenty 
years in asphalts carrying mineral fillers as well as those in which 
mineral filler has been incorporated, it comes as somewhat of a sur- 
prise to hear that a mineral-filled product shows settlement of the 
filler when such products are stored at temperatures of 77 F. (25 C.). 
I should like to ask Mr. Crandell if the filler in the material in question 
had any peculiar properties or was its particle size larger than what is 
generally termed filler or was the continuous phase of the product a 
liquid material such as a cut-back? Can he in any way account for 
the apparent stratification that was found in this instance? 

Mr. CRANDELL.—AIl fillers settle so long as there is more than 
10 per cent of bitumen present. It does not matter whether the 
bitumen is solid, semi-solid, or liquid, the fillers settle. That was 
what impressed us. Ifa sample is taken from the top, from the middle, 
and from the bottom of the container, the three are totally different. 
We did not believe it at first ourselves, but after going through thi 
test for four years we came to the conclusion that it was as stated. 


1 Professor of Highway Engineering, University of Illinois, Urbana, Tl, 
2 Director, Technical Bureau, The Barber Asphalt Co., Maurer, N. J. 
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Mr. MILLER.—Were the samples from the top and bottom of the 
material taken when the material first arrived? May not the seg- 
regation have occurred when the packages were filled initially? In 
the case of poorly chosen fillers and where the filled asphalt is drawn 
at too high a temperature, the condition described by Mr. Crandell is 
very apt to happen, hence our interest in knowing whether the 
material was stratified upon receipt and whether it continued to 
change during storage. 

Mr. CRANDELL.—We took the samples as soon as the material 
was received from the manufacturer. We found sometimes that if 
the Pennsylvania compounds were in the laboratory for a week there 
was a settlement as early as that. Samples taken later showed further 
settlement, although kept at room temperature 

Mr. M. H. Utman.'——-We have used for a number of years in 
Pennsylvania with excellent results a bituminous materia! impregnated 
with mineral flour for sealing of joints and maintenance of cracks in 
pavements. The so-called “settling test’’ to which Mr. Reeve 
referred, was developed in order to obtain a material in which excess 
settling does not occur when stored or when maintained at a tem- 
perature of 325 F. (163 C.) for a specified period of time. 

I am therefore unable to reconcile the amount of settling which 
Mr. Crandell stated he had obtained in his experiments on material 
prepared under the Pennsylvania specifications. I would naturally 
wonder if the material on which his experiments were based complied 
with requirements of our settling test. In a typical analysis of 
material obtained under our Specifications, J-1, there was found 23.2 
per cent of mineral flour insoluble in carbon disulfide. After main- 
taining this material in our settling tests for a period of two hours at 
a temperature of 325 F. (163 C.) the material from near the top 
analyzed 23.2 per cent insoluble in carbon disulfide and from the 
bottom of the container 24.9 insoluble in carbon disulfide. This 
example indicates the small amount of settling in the material obtained 
under our specifications when maintained in a heated condition. 

It is essential to use mineral flour of the proper degree of fineness 
to minimize the amount of settling. 

Mr. W. H. Herscuev.?—It is entirely in accordance with theory, 
that if you have a solid suspended in a liquid, it makes no difference 
how highly viscous that liquid may be, if you give it time enough, the 
solid will settle out of that liquid. I should like to ask Mr. Crandell 
whether in all cases the fillers that settled were solids? 


1 Assistant Engineer of Materials, Pennsylvania State Highway Dept., Harrisburg, Pa. 
? Associate Physicist, National Bureau of Standards, Washington, D. C. ot ; 
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Mr. CRANDELL.—Yes, they were. We determined the specific 
gravity of the fillers and found that it had something to do with the 
time of settling. Thus, the lighter ones took much longer. Some of 
the heavy ones would settle in the course of 3 months, so that there 
was a layer at the bottom. That is one of the reasons why our 
men in the field are having such difficulty. When heated in kettles 
it cokes before you know it. The material should be constantly 
stirred; but this is not done unless the inspector is unusually alert. 
Mr. E. C. Isom.'—I should like to ask Mr. Crandell whether any 
work has been done to combat the solvent action of petroleum hydro- 
carbons or similar materials which have a deleterious effect on 
bituminous joint compositions, by the admixture or the use of small 
amounts in varying proportions of synthetic resins in such composi- 
tions. In some of our laboratories we have done a little experimental 
work in the combination of various types of synthetic resins with 
bituminous products, and while we have not developed the matter to 
any great extent we found some very interesting results in increasing 
the resistance of these compounds to the solvent action of hydro- _ q 
carbon oils. Of course, we are more interested in that field from the 
pipe-line standpoint, because a leak in a transcontinental pipe line 
coated with a bituminous composition immediately destroys the pipe _ 
coating. It occurred to me that if the solvent problem in any certain 
locality is very great, something might be done to correct it along 
these lines. 
Mr. CRANDELL.—I know of no such work that has been done 
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INDENTATION OF ASPHALT TILE! yd 
te By J. W. McBurney’ 

? 


SYNOPSIS 


This paper presents a formula for relating the depth of indentation to the 
time during which a loaded sphere acts upon such a plastic body as an asphalt 
tile. Data are presented showing the effect of varying the diameter of the 
sphere and the load. A portable instrument for indentation testing is described. 
The use of these test methods in technical specifications for asphalt tile is 
discussed. 


INTRODUCTION 


The material, asphalt tile, considered in this paper, is defined* 
as follows: 


‘Asphalt tile shall be composed of a thoroughly blended composition of 
thermo-plastic binder of the asphaltic and/or resinous type, asbestos and/or 
raw cotton fibers, and inert materials as fillers or pigments, formed under pres- 
sure while hot and cut to size.’ 


The testing methods here diisonted were developed as part of 
an investigation of the properties of asphalt tile, preliminary to the 
writing of a technical specification for asphalt tile as a flooring material. 
When this investigation was begun (1932) each manufacturer had a 
raethod of testing for indentation peculiar to his own plant. At 
various plants, various loads acted on various shapes and sizes of 
indenting tools for various times at various temperatures. The only 
indentation test recognized by the industry as a whole was that pre- 
scribed by the Veterans’ Administration Specification in which the 
Riehle hardness tester for soft materials is used with a load of 120 lb. 
acting for 30 sec. at 77 F. (25 C.) through #-in. spheres. In 1932 
this specification called for an indentation of not less than 0.014 in. 
or more than 0.022 in. under the method of test specified. 

It was becoming increasingly evident that this specification did 
not control indentation behavior in service. Some tile purchased 
under this specification indented badly, and others under apparently 
similar conditions gave complete satisfaction. Cases were met where 
tile much harder than that permitted by the limits 0.014 to 0.022-in. 


1 Publication approved by the Director of the National Bureau of Standards of the U. S. Depart- 
ment of Commerce. 


? Research Associate of the Asphalt and Mastic Tile Assn. at the National Bureau of Standards, 
Washington, D. C. 


* Proposed Federal Specification for Asphalt Tile, December 7,153. 
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indentation failed by excessive indentation in service. Obviously the 
depth to which a ball pénetrated at a single temperature when acted 
upon by a single stated load for a period of 30 sec. did not give enough 
information concerning the behavior of an asphalt tile. This paper 


presents the results of attempts to learn more about the behavior of 
asphalt tile under load. 


heed 
wil 


ni Fic. 1.—Portable Indentation Tester for Asphalt Tile. 


The test specimen shown is 6 by 6 by 3 in. in size. ul inet a si 

The apparatus used in much of this work is shown in Fig. 1. 
By it a sphere } in. in diameter, and carrying a load of 2 lb. is lowered 
until it is in contact with the surface of the test piece. The dial 
micrometer is then set to zero. An additional load of 28 lb. is then 
added by suitably rotating the nut. The resulting depth of indenta- 
tion is read from the dial micrometer at appropriate time intervals. 
The special features of this particular apparatus are: first, it is easily 
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2 
-INDENTATION TESTS ON SAMPLES OF ASPHALT TILE AT 77 F. (25 C.), 


30-LB. LoAp ACTING ON }-IN. DIAMETER BALL (ALL READINGS IN MILS). 


sits Observed | Observed | Observed | Reading | toMake | ‘Calculated 
Test Reading i Reading 24-hr. from 
st : atimin. | at 10 min at 24 hr. 10-min. Cheek with Observed 
— 24-hr. 
Readings 
Readings 
12.2 16.8 31.8 33.5 +0.3 +5.3 
No. 3.. os 11.1 16.0 37.2 35.2 —0.2 —5.4 
No. 4... ' 11.8 16.0 28.8 30.9 +0.4 +7.3 
12.3 16.5 30.3 31.1 +0.2 +2.6 
10.8 15.5 31.8 33.8 +0.3 +6.3 
12.0 15.8 29.5 28.0 —0.2 —5.1 
9.3 13.5 27.0 27.0 0.0 0.0 
‘eee 10.4 14.7 28.2 31.0 +0.5 +9.0 
Be. 9.8 13.2 23.8 25.1 +0.3 +5.5 
11.0 14.9 27.0 28.7 +0.3 +5.9 
11.0 15.8 33.8 34.5 +0.1 +2.1 
10.6 15.2 33.5 33.1 -—0.1 —1.9 
11.0 16.0 36.0 35.9 0.0 —0.3 
13.3 19.0 41.8 41.0 —0.1 —-1.9 
11.2 16.0 33.5 34.6 +0.2 +3.3 
12.5 17.3 34.0 34.9 +0.2 +2.6 
14.3 19.9 38.7 40.6 +0.3 +4.9 
11.1 15.2 30.0 30.0 0.0 0.0 
12.5 17.3 34.0 34.9 +0.2 +2.7 


TaBLe II.—Errect oF VARYING LOAD AND DIAMETER OF SPHERE ON INDENTATION —y 
AND AVERAGE PRESSURE OF A PARTICULAR SAMPLE OF ASPHALT TILE AT sf 
77 F. (25 C.). 
Calculated Time Corgesbonding 
xtra 
mils to di/dt =0.001e| per ea. 
Diameter of Sphere, in. | m a b 
Load, | Load, 
Indenta-| spher- | parabo- 
Time, | "tion, | ical | loidal 
1 min. | 10 min. mils area area rh 
120 17.0 | 22.5 |0.1218) 10.3 | 0.086) 3380 7.8 | 1375 | 1340 
90 14.5 | 19.1 0.1196} 8.9 | 0.099} 2740 | 22.9 | 1250 | 1225 
60 | 10.3 | 14.8 |0.1575| 5.4 | 0.090] 3000 | 19.1 | 1000 | 980 
30 5.0 7.5 |0.1761| 2.4 | 0.080) 1560 8.9 | 1070 | 1065 
120 27.9 | 37.0 10.1226] 16.9 | 0.141) 6020 | 49.1 | 1560 | 1425 
90 20.5 | 28.2 |0.1384| 11.6 | 0.129] 5270 | 38.1 | 1510 | 1400 
60 15.0 | 21.0 |0.1461) 8.25] 0.138} 4050 | 27.4 | 1395 | 1325 
30 7.9 | 12.0 |0.1816| 3.75] 0.125] 2900 | 16.0 | 1195 | 1155 
120 36.0 | 50.1 |0.1435| 20.0 | 0.167|10900 | 86.0 | 1785 | 1380 
90 30.2 | 41.1 |0.1338| 17.5 | 0.195) 7740 | 62.4 | 1844 | 1505 
SESE aS FF 60 22.4 | 31.0 |0.1412) 12.6 | 0.210) 5950 | 43.2 | 1775 | 1530 . 
30 12.7 | 18.4 10.1610] 6.5 | 0.217] 4020 | 25.0 | 1555 | 1400 


® This is a rate of 0.000001 in. per sec. 
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portable, weighing 42 lb.; second, readings can be made.on floors in 
place, since the instrument is designed to be supported by the test 
piece resting on a flat surface; third, the temperature can be easily 
controlled by partial immersion of the instrument in a water bath, 
all moving parts being made of bronze, stainless steel, or monel metal, 
except the dial micrometer; fourth, the manipulation is simple, the 
movements of the indenting tool and weight being controlled by 
rotating a nut; and fifth, the use of a spherical indenting tool gives 
reproducible, sensitive, and accurate readings over a wide range of 
hardness. For quite soft materials, the sphere of }-in. diameter is 
replaced by one of 3-in. diameter. 
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20 | -in, Spheres 


— 


Indenta‘ion, mils, log scale 
3 


30 40 50 60 10 8090100 I50 200 250300 400 500 600 
Time, sec., log scale 
2.—Indentation-Time Curves, 77 F. (25 C.). 


Acknowledgment is made to Mr. E. E. W. Bowen, for the mechan- 4 
ical design of this instrument. 
Many of the following data have been obtained by the use of a a 
modification of the Riehle hardness tester for soft materials. The — 


flat bearing block and substituting a single ball of the desired diameter | 
for the three upper balls. But on account of frictional losses and 

uncertainty of the correction for elastic deformation, the absolute _ 
indentations thus obtained are not particularly certain. 


Errect or Time, Loap, AND DIAMETER OF SPHERE ON DEPTH OF 
INDENTATION 
The observations recorded in the first four columns of Table = 


are typical of the behavior of asphalt tile under a constant dead load a 
applied through a sphere, the tile resting on a flat surface. Other — ee 
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ON INDENTATION OF ASPHALT Tue 
typical observations referring to spheres of various sizes and to 
various loads are given in Table II. 

When the logarithms of the indentations of a given sample at 
a fixed temperature and under a given load applied by a given sphere 
are plotted as ordinates and the logarithms of the corresponding 
times as abscissas, the points lie on a straight line, as shown in Fig. 2. 
Hence the indentation, i, is related to the time, #, as follows: 


uw 
oO 


Indentation, mils 


6 


Sphere,~~ 
/ sec. 


ro) 


oi 


Sphere,== 
/min. 


W 2 30 40 8S 10 80 30 100 0 120 
Load, Ib 

Fic. 3.—Indentation-Load Curves, 77 F. (25 C.). 
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oo The quantity a depends upon the load and the size of the sphere 


as well as upon the material and the temperature, but m probably 
depends only on the material and its temperature. The variations 
in its value in Table II are not large, and probably lie within the 
experimental error, as they are computed from the observed indenta- 
tions at 60 and 600 sec. only. 

If ¢ is expressed in seconds and ¢ in mils the indentation in 1 sec. 
under the condition of test is a mils. The value of 7 increases con- 
tinuously with the time but at an ever decreasing rate, the rate of 
indentation at the time ¢ being 
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When the indentations at a given time are plotted as ordinates 
against the loads as abscissas, the observations given in Table II 
lead to Fig. 3. It is probable that elastic deformation is the explana- 
tion of the failure of these data to fall on straight lines passing through 
the origin. Hence, in the absence of more certain data to prove the 
contrary Devries’ equation :' 

where # is the indentation, w the load and A a proportionality constant, 
is taken to represent the relation between indentation and load at 
any constant time. 

These indentation-load data can also be as satisfactorily related 
by Meyer and Hoyt’s formula :** 


in which the exponent # is close to unity. Using Eq. 3 for the sake of 
simplicity, and combining it with Eq. 1 gives: 

i = bwi” 


w | 
oo The value of the constant 5 seems to depend solely upon the 


material, its temperature, and the size of the indenting sphere. Fo 
the material and temperature to which the data in Table II apply, 
the values of b corresponding to spheres 1, 3, and } in. in diameter, 
are respectively 0.090, 0.133, and 0.193 mils per lb. For spheres 
} and 3 in. in diameter, the values of 6 are 0.116 and 0.163 mils per lb. 

The general Eq. 5 certainly applies to asphalt tile. It has not 
been tried on other materials. Equation 1 which is used when the 
load and size of sphere is kept constant, holds for all materials so far 
examined. These include rubber, cork, linoleum, wood, brass, and a 
variety of bituminous materials. 


iq APPLICATION OF EQ. | To TESTING ef 
= Equation 1, when evaluated from two short-time measurements, _ 

1 and 10-min. readings, for example, can be extrapolated to at least 

24 hr. with experimental agreement as good at 24 hr. as is usually 

found between two 24-hr. tests. Table I serves as an illustration of 

the accuracy of a 24-hr. extrapolation from 1 and 10-min. readings. 


!R. P. Devries, “A Comparison of Five Methods of Hardness Measurement,” Proceedings, Am: 
Soc. Testing Mats., Vol. XI, p. 709 (1911). ; 

* Eugen Meyer, “ Untersuchungen Harteprifung und Harte,’ Mitteilungen tiber Forschung- 
sarbeiten, Verein Deutscher Ingenieure, Heft 65, pp. 1-61 (1909). 

+S. L. Hoyt, “The Ball Indentation Hardness Test,” Transactions, Am. Soc. Steel Treating, 
Vol. 6, No. 3, pp. 396-420 (1924). 
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S These data were obtained by P. A. Sigler in the course of routine __ BAS, 
I testing of Government samples. The 0.001 in. dial micrometer was 
‘ estimated to 0.0001 in. It should be remarked that at one minute the i‘ s 
h hand of the dial is moving at the rate of approximately 0.0001 in. in 
e 3 sec., and 0.0002 in. is about as close as a 0.001 in. dial micrometer ie 
can be read. Oe 
) Since a in Eq. 1 is the indentation in mils at the end of 1 sec., = “. 
a may be considered as a measure of the comfort of the floor. The 
constant m measures the tendency to indent with time. It should be 
TABLE III.—CoMPARISON OF INDENTATION OF TWO SAMPLES. 
Indentation at 77 F.(25C.), mils | Indentationst 
115 F. (46 C.) 
at the and of 
30 sec. 1 min. 10 min. 30 sec., mils es 
| 


TABLE IV.—EFFECT OF VARYING EXPONENT m WHEN INDENTATION AT 30 sec. Is i. 


8 mics, (INDENTATION IN MILS). 
' m Log a 1 min. 10 min. 1 hr. 24 br 7 days 30 days 1 year a : 
0.10 0.7554 8.6 10.8 12.9 17.7 21.6 24.9 32.0 ae 
0.11 0.7406 8.6 11.1 13.5 19.2 23.8 27.9 36.8 cet 
0.12 | 0.7259 8.7 11.4 14.2 20.8 26.3 31.3 42.2 ma 
0.13 0.7111 8.8 11.8 14.9 22.5 29.0 35.1 48.5 1 aah 
0.14 0. 6963 8.8 12.2 15.6 24.4 32.0 39.3 55.7 pe 
0.15 0.6814 8.9 12.5 16.4 26.4 35.4 44.0 64.0 Prin 
0.16 0. 6668 8.9 12.9 17.2 28.6 39.1 49.3 73.6 T« 
0.17 0. 6520 9.0 13.3 18.1 31.0 43.1 55.2 84.5 5 
0.18 0.6372 9.1 13.7 19.0 33.6 47.6 61.9 97.1 : 
0.19 0.6225 9.1 14.1 19.9 36.4 52.6 69.4 112.0 
0.20 0.6077 9.2 14.6 20.8 39.4 58.1 77.7 128.0 
0.21 0.5929 9.3 15.0 21.8 42.6 64.1 87.1 147.0 
0.22 0.5781 9.3 155 22.9 46.1 70.8 97.5 169.0 
0.23 0.5634 9.4 15.9 24.1 50.0 78.2 
0.24 0.5486 9.4 16.4 25.3 54.1 86.3 
0.25 0.5339 9.5 16.9 26.5 58.6 95.4 


emphasized that an indentation test consisting of a single measurement 
at the end of a short time, say 30 sec., gives very little information 
about the indentation behavior of an asphalt tile. Compare, for 
example, the indentation of two tiles, A and B, given in Table III. 
In service tile A failed by excessive indentation, whereas, tile B was 
satisfactory. The reason is that m is 0.25 for tile A and 0.14 for tile B. 

Table IV was calculated to illustrate the effect of assuming 
different values of m for a tile of constant initial indentation (8 mils) 
at 30 sec. Table IV has been checked by laboratory tests up to the 
24-hr. indentation. Agreements were of the accuracy shown in eins 
Table I. Experimental verification beyond 120 hr. islacking. Some 
authentication of the long-time calculations is provided by the observa- 


| il 


tion that floors in service are free from indentation if m is less than 
0.15; are moderately indented, the degree depending upon severity 
of conditions of service, if m lies between 0.15 and 0.20; and are, as 
a rule, deeply indented if m exceeds 0.20. As a matter of interest, 
the effect of variation in m on the time necessary to indent com- 
pletely through a ;-in. tile was calculated for a load that produced 
an indentation of 8 mils in 30 sec., it being assumed that Eq. 1 is 
applicable to the entire indentation. It was calculated that 47,600,000 
years would be required if m = 0.10, while only 105 days would be 
required if m = 0.25. . 

The December 7, 1933, revision of the proposed Federal Speci- 
fication for Asphalt Tile controls m by using a table of 1 and 10- 
min. indentations, providing that if the indentation at 1 min. is a 
particular value, then the indentation at 10 min. shall not exceed the 
corresponding value given in the table. The relations are such that 
at one year calculated indentations shall not exceed 0.100 in. 

Equation 2, which is the differential of Eq. 1, provides for the 
calculation of rates of indentation at any instant of time. The 
eighth and ninth columns of Table II give the time and indentations 
calculated by using the constants m and a shown in the fifth and sixth 
columns and setting di/dt of Eq. 2 equal to 0.001. Since zis expressed 
in mils, this is a rate of 0.000001 in. per sec. On the assumption that 
the rate of indentation is a function of the average pressure of the 
indenting tool, the tenth column was calculated by dividing the load 
(second column) by the spherical area of the corresponding indentation 
in the ninth column. The value in the tenth column shows a tendency 
to increase as the load is increased and as the size of the sphere is — 
decreased. ‘The irregularities in the variation with the load on a 
given sphere may arise from experimental errors, but the progressive _ 
change with the size of the sphere certainly does not. Pan 

If the same quantities (tenth column) are computed on the ~ 
assumption that m is the same (0.145) in all cases, then they fall _ 
into three sets, one for each size of sphere, the members of any one © 
set differing by not more than 5 units in the third significant figure; _ 
but the average of the three sets differs by more than two units in the _ 
second significant figure one from another. 

From the geometry of a sphere it is evident that Eq. 1 cannot 
hold for indentations that are large with respect to the radius of the 
indenting sphere. Furthermore, when Eq. 1 is extrapolated from 
two short-time readings, the correspondence between observed and 
calculated readings at longer times though excellent when the observed 
indentations do not exceed one-third the radius of the indenting 
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sphere, become unsatisfactory at greater indentations. At an indenta- 
tion of one-half the radius, the observed indentations exceed the calcu- 
lated indentations by 15 per cent. It has also been observed that 
when the indentations of two spheres of equal size, but unequally 
loaded, are compared on the same material, there is a linear relation 
between the two indentations for equal time intervals, until the 
indentation of the more heavily loaded sphere approaches one-half its 
radius, when its rate increases in comparison with the rate previously 
measured. The same thing occurs when equal loads act upon spheres 
of unequal diameters. 


” 
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c 1000 1400 1800 2200 2600 3000 3400 3800 4200 4600 5000 

Load 


(spheric Ib. per sq. in. 


Fic. 4.—Relation of Rate of Indentation to Average Pressures, 77 F. (25 C. “S 


It would seem reasonable to assume that a geometrical shape 
could be selected which would start out like a sphere and have an 
“expanding radius” sufficient to correct the trouble that the finite 
radius of a sphere gives with Eq. 1. It is possible that a paraboloid 
of revolution is such a shape. Hence average pressures corresponding 
to those in the tenth column of Table II were computed on the assump- 
tion that the curved surface carrying the load is that of a paraboloid 
of revolution, the actual indentations being those in the ninth column. 
The values so computed are given in the last column. The paraboloid 
of revolution selected was that generated by rotating a parabola 
whose /, in the formula y*? = 2px, equals the radius of the sphere 
actually used. For indentations small in comparison with the radius, 
such a paraboloid and sphere are identical within the accuracy of 
measurement. It will be observed that the values in the last column 
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of Table II are much more nearly constant than those in the preceding 
column. <A further correction could be made by correcting the 
1 and 10-min. indentations for deviation of paraboloids from spheres. 
Inability to secure a paraboloid of revolution of the desired accuracy 
and small size prevented this theory from being tested experimentally 
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Fic. 5.—Indentation and Recovery of Two Samples of Asphalt Tile at 17 F. (si C.). 
An 80-lb. load acted on a flat-ended pin 0.282 in. in diameter. 


From the standpoint of a practical method of test, all that is necessary 
is that the load and size of sphere be selected so that the indentation 
will be smal! in comparison with the radius of the sphere. 

A possibly useful application of the derivative of Eq. 1 consists 
in relating rates of indentation and average pressures as illustrated 
in Fig. 4 by some of the load and sphere combinations given in Table II 
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as 


The resemblance of these curves to the pressure-flow curves of Green! 
and others, will be noted. 

These relations of depth of indentation, time, load, and diameter 
of indenting sphere with their derived average pressure and rates 
give promise of similar relations for other geometrical shapes of 
indenting tools. To date very fair agreement with spherical indenta- 
tion has been found for horizontal cylinders (castors) based on the 
relation between average pressure and rate illustrated in Table II 


Temperature , deg. Fehr. 
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Fic. 6.—Indentation-Temperature Curves. 
and Fig. 4. Flat-end pins have not acted as expected in that the rates 
of indentation are very much higher than for spheres with the same 


91.0 wol 


RECOVERY OF ASPHALT TILE 


The preceding sections have dealt with indentation under a 
continuously applied load. Figure 5 gives some data on two samples 
of tile showing what happens when load is removed. The soft tile 
is a specimen much softer than would be commercially used. The 
hard sample complies with present specification requirements. The 
method of test consisted in permitting an 80-lb. load to act for varying 
periods of time upon a sample of asphalt tile, through a flat-end pin 


1 Henry Green, “‘Further Development of the Plastometer and Its Practical Application to Re- 
search and Routine Froblems,” Proceedings, Am. Soc. Testing Mats., Vol. XX, Part II, p. 465 (1920). 
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having a diameter of 0.282 in. The tile had previously been calipered 
at the point of contact of the pin with the tile. After removal of the 


loaded pin the thickness of the tile was again measured at time ' 
intervals as indicated. An immediate recovery of approximately a 
constant amount from the original indentation followed by further 


recovery at a decreasing rate is shown by these data. 


¥ EFFECT OF TEMPERATURE ON ASPHALT TILE 


Asphalt tile is a thermo plastic and therefore becomes softer | 
with increase in temperature. Figure 6 shows for some typical tile | 
the relation between the temperature and the indentation produced 
at 30 sec. by 30 lb. acting on a }-in. sphere. In general the effect of | 
increase in temperature is to increase indentation. As the temperature | 
rises, the rate of increase of indentation accelerates. ‘The December 
7, 1933, revision of the proposed Federal Specification for Asphalt 
Tile controls undue softening with elevated temperature by specifying 
that at 115 F. (46 C.) the indentation at the end of 30 sec. om not 


exceed 0.038 in. when a 30-Ib. load acts on a }-in. sphere. oe 


SUMMARY 


1. An instrument for measuring indentation of asphalt tile has 
been devised, consisting of a device for measuring depth of indentation 
produced by a 30-Ib. load acting through a }-in. diameter sphere. 

2. Using instruments of this type, the relation between time and 
depth of indentation with a given load acting through a given sphere 


is accurately expressed by the equation i = af” where i is the in- 


_ dentation measured in mils, ¢, the time in seconds and a and m 


pig are constants. 


«3, -In this equation the constant a is the indentation in mils 


indenting sphere, the formula does not agree with the measurement. 


et ment for calculated and observed indentation over a wider range of 


at one second and may be taken as a measure of the comfort of the 
floor. The exponent m measures the rate at which indentation in- 


_ low as 0.10 and as high as 0.30. The upper limit for satisfactory 
service is 0.20. 
4. The above equation also applies equally well to all other 
materials so far tested. These include cork, linoleum, rubber, brass, 
and wood. 
5. When the indentation exceeds one-half the radius of the 


- tow as with time. For asphalt tile, values of m have been found as 


It is possible that a paraboloid of revolution would show better agree- 


indentation. 
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6. When the load is varied on the same size sphere, the relation 
between depth of indentation and load is expressed by the equation 
i = Aw where i is depth of indentation, w is load and A is a constant. 

7. When load is varied on the same size sphere, the relation 
between depth of indentation and time is expressed for asphalt tile by 
i = bwt” where i is depth of indentation, w the load on the sphere, 
¢ the time and b and m are constants. 

8. In the above equation 6 appears to depend solely upon the 
material, its temperature, and the size of the indenting sphere, while 
m seems to depend solely upon the material and its temperature. 

9. The immediate recovery of indentation produced by loads 
acting through flat-end pins is approximately a constant amount for 
a particular asphalt tile, followed by slow recovery at a decreasing 
rate. 

10. Depth of indentation at constant time increases with increase 
in temperature. The rate of increase becomes greater for higher 
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Mr. W. H. HERSCHEL.'—We all have a tendency to give a prop- 
erty or characteristic some name, and then thin we can define that 
characteristic by a single numerical value. This is not always possible. 
In the special case of a cube or a sphere we can define the shape and 
size by a single numerical value. In the special case of a simple viscous 
liquid, we can define viscosity by a single numerical value. But when 
it comes to a material, like these tiles, any combination of liquid and 
solid or any solid stressed above the elastic limit, we have a plastic 
material, and the consistency of a plastic material cannot be defined 
by a single numerical value. 

I know of no case in the literature of a more beautiful example 
than is given in Mr. McBurney’s paper of failure when the attempt is 
made to define consistency by a single numerical value and of success 
when two numerical values are used. 

Mr. J. W. Waitremore® (presented in written: form).—The 
results of Mr. McBurney’s paper are especially interesting to me as 
they agree with some work that I have been doing on the plasticity 
of clays and mixtures of clays. About two years ago in trying to 
determine a satisfactory method for measuring the plasticity of clays, 

I applied a constantly increasing load through a }-in. flat-ended 

~ round shaft. With this arrangement, plotting the logarithm of the 

_ downward movement of the shaft as abscissas and the logarithms of 
the corresponding load as ordinates the points were found to lie on a 

_ straight line. In view of the difficulty of operation and at the author’s 

- suggestion I tried a constant load applied through a spherical surface. 


3 Rs using several different loads and spheres of different diameters, 


it was found that a load of 16 lb. and a sphere of 3-in. diameter gave 
the best results. It was also found necessary to lower the load onto 
the shaft as easily as possible to avoid any impact. This was done 
4s floating the weight in mercury, draining the mercury off to lower 
_ the load onto the shaft. 
. The results of the tests on several clays indicated the same 
pchallala between load and indentation as described by the author. 
Plotting the logarithms of the depth of indentation as ordinates and 


! Associate Physicist, National Bureau of Standards, Washington, D. C. 
? Professor of Ceramic Engineering, Ceramic Engineering Dept., Virginia Polytechnic Institute, 
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the logarithms of the corresponding times as abscissas, the points 
were found to lie on a straight line with the relation y = ax” as de- 
scribed by the author. 

It was found after testing several clays with various amounts of 
water, that the value of m remained fairly constant for the same clay 
although the value of a varied. This value of m ranged between 
0.003 for a clay of low plasticity to 0.029 for a plastic ball clay. The 
value of a for any particular clay varied with the water content and 
undoubtedly is closely related to the water content of the clay. 

If the plasticity of a material is considered as the force or pressure 
required to alter the shape of a plastic mass to a definite extent within 
a definite time, then, as the author intimates, this equipment and 
equation is applicable in measuring the plasticity of various materials. 

Mr. R. N. TRAXLER! (presented in written form).—The indenta- 
tion test for asphalt tile which has been developed by Mr. McBurney 
is an empirical method which may be of value in testing mastics, pave- 
ments, etc., im situ. From research which we have been conducting 
on the rheological properties of asphalts and mixtures containing them, 
we have learned that the flow of bituminous materials is usually quite 
complex. Although we have not studied the operation of any instru- 
ment such as that described by Mr. McBurney we are reasonably 
certain that difficulties would be encountered in attempting to deduce 
the fundamental flow characteristics of the material from the data 
obtained with this apparatus. It appears that the indentation tester 
should be applicable for routine control tests on materials, the rheo- 
logical properties of which do not vary appreciably from one batch to 
another. . However, Mr. McBurney presents no data which show that 
the instrument is suitable for comparing fundamentally different 
materials. 

Mr. E. H. Bercer.2—Mr. McBurney by his definition, limits 
asphalt tile to compositions of asphaltic and/or resinous binders with 
asbestos fiber and raw cotton fiber. I see no reason for this. Fora 
long time asphalt tile containing neither asbestos fiber nor raw cotton 
fiber has given satisfactory service. This definition also excludes 
waste cotton fiber, dyed cotton fiber, bleached cotton fiber, carpet 
flock, and materials of that kind, which cannot be considered raw 
cotton fibers but which give very desirable properties to asphalt tile. 
Roofing scrap also has been used for a long time and has given rather 
desirable properties to tile. Tile made with some of these excluded 
fibers have been used by Mr. McBurney for his test data, so why 
should they be excluded? 


1 Research Division, Technical Bureau, The Barber Asphalt Co., Maurer, N. J. 
? Consulting Chemist, Johns-Manville Corp., New York City. P 
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Table I of the paper gives indentations ranging from 9.8 to 14.3. 
Is this an indication that the method and instrument are not applicable 
to indentations below 9.8 or above 14.3? 

The instrument is a portable which is very advantageous. I 
think it should be brought out that the indentations depend to a 
large extent upon the sub-base on which the tile is laid. In describing 
the method some mention should be made of this and also of the most 
suitable support on which asphalt tile should rest during the test. I 
have known cases where the instrument has been used for testing tile 
supported on a base which indented easily and because of which higher 
indentations were observed on the tile which resulted in its being 
rejected. When the same tile was tested on a rigid non-indenting base 
much lower indentations were obtained which were within specifica- 
tions. I believe this must be considered in using the instrument on 
tile installed on a job. 

Mr. McBurney stated that the method and instrument are appli- 
cable to a wide variety of bituminous materials. I wonder whether he 
can give us some data on this, particularly with reference to the results 
on straight bituminous materials and those containing less filler than 
asphalt tile; for instance, straight asphalt, 70 parts of asphalt and 30 
parts of filler by weight, equal parts of asphalt and filler, and 30 parts 
of asphalt and 70 parts of filler. 

All the data given, with the exception of that in Fig. 6, are based 

on tests at 77 F. Would the same relations hold at 90 F., for instance, 
or for all temperatures up to the point where you get a very rapid 
_ break in the structure of the material? It might also be interesting 
_ to know whether m is the same at 115 F. as at 77 F. 
Mr. W. W. WERRING.'—We have done somewhat similar work 
on different materials, and I want to ask Mr. McBurney whether he 
_ has made tests on materials other than asphalt tile—for instance, 
_ rubber flooring or hard rubber. Hard rubber is interesting because it 
_ apparently has both plastic and elastic properties to a greater extent 
than asphalt tile. We would be very much interested in hearing of 
any information he might have on the comparison of asphalt tile, 
rubber tiling, and hard rubber. 

. Mr. J. W. McBurney.*—In answer to Mr. Werring’s question, 
_ the method of test has been applied to both hard rubber and rubber 
_ floor tile. In comparison with asphalt tile ~-bber is characterized by 

- quite low values of m. For both hard and soft rubber, m is less than 

The values of a range from 2.0 to over 40.0 mils depending upon 


1 Bell Telephone Laboratories, Inc., New York City. 


e 4, Ms 2 Research Associate of the Asphalt and Mastic Tile Assn. at the National Bureau of Standards 
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the hardness of the rubber compound. An interesting application of 
the method is its use as a nondestructive test for distinguishing between 
hard rubber and asphaltic compounds in battery boxes. 

With reference to Mr. Berger’s comments, I must disclaim respon- 
sibility for the definition of asphalt tile given in my paper. It is 
quoted from the current Federal specification for asphalt tile. 

It should be emphasized that the use of the method and instru- 
ment is not confined either to asphalt tile or to asphalt tile of the range 
reported in Table I of the paper. This table was presented for the 


r purpose of illustrating the degree of accuracy obtainable in routine 
y testing. 
° Mr. Berger very properly emphasizes the necessity of supporting 
> the test piece on an unyielding base. Large errors will be introduced 
1 otherwise. 
As stated in the paper, both a and m are affected by temperature. 

. A complete characterization of the plastic and elastic behavior of a 
e material would involve the effect of temperature. 
s (Author's closure by letter)—For reasons which seemed good and 
n sufficient at the time, the title, “Indentation of Asphalt Tile” was 
0 selected. With this title, it seemed proper to confine the presentation 
'S of data to the results of measurement on asphalt tile. For the in- 

formation of those interested sufficient work has been done by the 
d author and others to demonstrate that the equation i = af™ holds for 
e, brass, maple wood, various pitches, several grades of coumarin resin, 
d hard and soft rubber, linoleum, cork and a variety of asphalts and 
g resinous compounds. There has been no systematic search for ma- 

terials to which this equation does not apply. The random search 
k conducted to date has not located such materials, although obviously 
1e the equation would not apply to any material such as portland cement 
€, mortar, which hardens with time. 
it It should be emphasized that from the author’s standpoint the 
nt important feature is not the design of an instrument. It is the use of 
of time as a variable. This permits the characterization of plastic 
le, behavior by two constants as pointed out by Mr. Herschel. 

This is no disagreement with Mr. Traxler when he states that 

n, “the flow of bituminous material is usually quite complex.” Using 
er calculations such as are illustrated by Fig. 4 of the paper, the method 
by affords a separation of bituminous materials into classifications of 
an simple viscous liquids, non-Newtonian liquids and materials showing 
on a yield value. This third type of materials would be called plastics, 

except for the definition of plasticity in the 1933 report of the 
rds Society’s Committee E-1 on Methods of Testing’ = jj 

* Proceedings, Am. Soc. Testing Mats., Vol. 33, Part I, p. 446 (1933). — 
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A LABORATORY SERVICE TEST FOR PAVEMENT 
MATERIALS 


By A. T. GotpBeck,' J. E. Gray,' anp L. L. Luptow, Jr.! 


SYNOPSIS 


The need for a service test for pavement materials, which may be made 
conveniently and under controlled conditions of temperature, moisture, sub- 
grade and traffic has become apparent. In the present paper, such a test is 
described. It consists of a 14-ft. diameter circular track in which pavement 
sections are laid and subjected either to the action of a roller or to a pneumatic 
tired wheel which may be equipped with tire chains. 

Several tests are described to indicate the usefulness of the testing device. 
One of the tests was made to give an indication of the relative inherent stability 
of aggregates of various gradations. Still another investigation involved a 
determination of the value of stone screenings when used as a “blanket layer” 
under macadam to prevent upward intrusion of a clay subgrade into the stone. 
A third test had to do with a study of the effect of percentage of bitumen on 
stability of road mix surfaces. The stabilizing effect of a top dressing of chips 
when used with open type bituminous mixtures is discussed. Still another and 
quite different problem had to do with a study of the resistance of aggregates 
to crushing under the roller and under traffic. Finally, some preliminary tests 
of cold lay bituminous mixtures are discussed. These problems, which are 
quite diverse in nature, serve to illustrate the versatility of the testing device. 


The testing engineer in the highway field frequently is confronted 
with the problem of deciding on proper specification limits for various 
types of highway materials. At times, he feels the need of some form 
of rapid service test which would permit him to correlate service results 
with routine laboratory tests. When new bituminous mixtures are 
proposed for use in highway construction, he would like to have some 
means for determining rapidly whether these mixtures have sufficient 
merit to warrant their inclusion in specifications. The determination 
of the relative value of different materials for particular purposes some- 
times becomes an important problem and a rapid and convenient 
means for solving it would be valuable. Many other problems arise 
in the laboratory which can be solved only by correlation of laboratory 
tests with service behavior. 


! Director, Bureau of Engineering; Laboratory Engineer; and Assistant Laboratory Engineer, 


respectively, National Crushed Stone Assn., aan Washington, D. C. 
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610 GRAY AND Lenton 

These considerations led in 1931 to the building of a widiities 

apparatus by which road materials might be subjected to actual serv- 

ice conditions, or to conditions very closely approaching those in 


re service, but having the advantage not existing in actual service tests, 


of temperature, moisture, traffic and subgrade control. In designing 
the apparatus, the problem of determining the relative stability of 
bituminous pavement mixtures seemed of principal importance, but 
the possibility of other uses was realized. 


DESCRIPTION OF THE CIRCULAR TRACK TESTING APPARATUS 


. An isometric view of the apparatus is shown in Fig. 1. The cir- 
_ cular track is a concrete trough, 14 ft. in diameter at the center of the 
trough, heavily reinforced to prevent cracking due to wide variations 
in temperature and moisture. The trough is rectangular in cross- 
section, 18 in. wide and 6in. deep. A 1-in. layer of insulating material 
under the track serves to prevent heat losses and to dampen vibrations. 
The sides are likewise covered with 1 in. of insulation. 

To control the temperature of bituminous mixes, the track is pro- 
vided with a heating system. Six pipes embedded in the concrete 
about ? in. below the bottom of the trough are connected to headers 
in such a manner that adjacent pipes carry flow in opposite directions 
to insure uniformity of temperature around the track. The headers 
are connected to a 30-gal. storage tank in which the circulating water 
is heated electrically and maintained at the desired temperature by 
thermostatic control. A centrifugal pump provides rapid circulation. 
The system is capable of maintaining the track, when covered, at 
approximately 140 F. (60 C.), using 5200 watts of heating capacity. 
For curing bituminous mixes having volatile binders, the track is cov- 
ered, except for two diametrically opposite openings. An electric fan, 
‘pad in one opening, forces air around the track in both direc- 
_ tions and out at the other opening. The combination of heat with cir- 
- culation of air permits rapid and uniform curing. By connection to a 

refrigerating machine of proper capacity and the provision of a suitable 
_ circulating medium, low temperatures or freezing conditions could be 
_ obtained. At quarter points, pipes through the outer wall to the bot- 


i _ tom of the trough provide means for draining the track. 


The roller, 36 in. in diameter and 6 in. wide, is built up of three 

_ cast-iron disks each of which is 2 in. wide (see Fig. 2). Each disk is 
_ free to revolve independently of the others in order to reduce the drag- 
3 ging effect due to the travel in a comparatively small circle. The 
roller weighs approximately 200 Ib. per in. of width. Driving i is ac- 

_ complished by the rotation of a radial arm about a vertical axis at the 
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2.—Apparatus with Roller Assembly. 


Fic. 3.—Apparatus Equipped with Rubber-Tired Wheel. 


Fic. 4.—Depth Gage for Measuring Vertical Displacement. 
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center of the track. ‘The roller is attached to the outer end of the arm, 
the inner end of which is fixed to the vertical, slow-speed shaft of a 
worm gear speed reducer. Provision is made to allow some movement 
of the arm in a vertical plane to compensate for minor irregularities. 
To keep the roller face horizontal and the arm level on various thick- 
nesses of pavement, the roller assembly is adjustable vertically. 

The radial arm is built of two telescoping sections and is adjustable 
in length to allow the roller to be moved in or out to cover practically 
the full 18 in. of width in the track. This operation may be per- 
formed while the machine is running. Power is applied by a 3-hp. 
reversible, variable-speed motor through V-belts and a countershaft 
to the speed reducer. By changing the V-belt sheaves, major steps 
in speed are obtainable; intermediate speeds may be obtained by 
varying the motor speed. The present combination of V-belts per- 
mits a speed range from 0 to approximately 450 ft. per min., periph- 
eral speed. A control lever mounted outside the track serves to 
vary the speed from full speed in one direction through zero to full 
speed in the other direction. 

For simulating traffic conditions the roller assembly is removed 
as a unit and replaced with another unit carrying a rubber-tired wheel 
(see Fig. 3). A standard 7.00 by 20-in. pneumatic bus tire is used, 
inflated to 50 to 55 Ib. per sq. in. It is loaded to its rated capacity 
of 1900 lb. by placing weights in a basket attached to the arm. To 
prevent raveling action due to the drag of the tire as it travels in a 
small circle, it has been found necessary to tilt the wheel about 6 
deg. from the vertical (the top of the wheel toward the center of the 
track) and to provide about 2 deg. “toe in.’ ti 

In the design of this apparatus careful consideration was —. | 
to the advisability of using more than one wheel. It was decided, 
however, that the extra complication involved and the increase in 
power requirements and weight would not warrant this. The method 
of driving was also thoroughly studied. Because of the structural 
complication and attendant difficulties of control, and because of the 
fact that, despite tractive effort, road surfaces tend to shove in the 
direction of traffic, it was decided that the more satisfactory solution 
would be the simpler method of driving from the center of the track 
with the driving mechanism stationary. 

Throughout the construction of the machine, standard parts and 
materials have been used wherever possibie. The motor and speed 
reducer are stock units, as are the V-belt drives. The arm and the 
heads carrying the roller and wheel are built up of standard rolled 
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Auxiliary apparatus include a measuring device, or depth gage, 
for determining the thicknesses of the test sections, a spreader box, 
a screed, and a movable hoist for handling the roller and other heavy 
weights. 

The depth gage is shown in Fig. 4. It consists essentially of a 
bridge spanning the trough and resting on strap iron rails mounted on 
the concrete curbing. Notched feet on the bridge fit over the rails 
and maintain its center line in a radial position. A slide moves 
radially across the bridge on guides in a horizontal plane and may be 
located by a scale attached to the bridge. A graduated vertical 
plunger is mounted on the slide. Thus, any point on the test surface 
may be located by the circumferential position of the bridge, the 
radial position of the slide, and the vertical distance as indicated by 
the plunger. The difference between the plunger reading previously 
taken on the concrete base and the reading on the test surface gives the 


TABLE I.—GRADATION OF AGGREGATE USED IN ROLLING Loap StTaBiLity TEsT. 


to 2- -| to1- - | $to1}- } to 
in. Size | in. Size | in. Size | in. Size | in. Size | in. Size 


Total retained on 2-in. screen,* per cent 
Total retained on 14-in. sereen,* per cent 2 
Total retained on 1-in. screen,* per cent 47 
Total retained on 70 
Total retained on 93 
Total retained on }-in. « 100 


* Round openings. 


actual thickness of the pavement. The rails on the curbing serve also 
to carry the spreader-box and the screed, thus facilitating accurate 
placing of material. 


Cw 
Use or LaBoratory CrrcuLtar TRACK FOR THE 


The circular track has proved to be a versatile testing machine 
for the study of road materials. Several investigations are described, 
primarily to show how this apparatus has been used to study different 
highway problems and to indicate its possibilities. 


Tests of the Inherent Stability of Aggregates: ated ais 


The purpose of this investigation was to determine the inherent 
stability of aggregates under the action of a roller. The variables 
were depth of surface constructed and gradation of the aggregate. 
Only stone aggregate is included in the present report. 

It was believed that the action of the roller in causing rutting 
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DLOW 
of the surface of a loosely laid layer of aggregate should be an index 
of the inherent stability of the material; thus, if a material of one 
gradation ruts deeper than another under similar action of the roller, 
it seems reasonable to infer that this material would be less stable 
than the other. The seven gradations shown in Table I were each 
tested as follows: 
A uniform layer of stone was deposited on the concrete base over 
a length of about 11 ft., to form the test section. Initial thickness 
measurements were taken and the roller was run as follows: One 
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Number of Passes of Roller 
Fic. 5.—-Curves Showing Compacting Effect of Rolling Load on Macadam Layers. 


passage over the inner 6-in. width, one passage over the outer 6-in. 
width, and one passage over the middle 6-in. width. The roller was 
then run over the middle 6-in. width for 5 additional passages and 
thickness measurements were taken after each passage. 

In Fig. 5 are shown the amounts of rutting of the various layers 
after the designated number of passages of the roller. These tests 
seem to indicate that the gradation of the aggregate influences the 
stability of a layer of material subjected to rolling loads and that 
stability of a thin layer may be increased by using a gradation in 
which the maximum size of the aggregate approaches the compacted 
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Stone Screenings as a Blanket Layer Under Macadam: 


An experiment was performed to investigate the efficiency of 
stone screenings as a blanket course under a macadam layer. Two 
subgrades were prepared, each covering half the circumference of the 
track. One was made with fine plaster sand and the other with plastic 
clay. The clay was mixed with water to a consistency such that, after 
compaction by means of a tamp, it could be walked upon without 
greater indentation than that about } in. The sand was moistened 
and tamped, but was of such a nature that it could not be compacted 
appreciably. The clay contained 17.1 per cent of moisture and the 
sand 7.5 per cent. On each of these two subgrades three sections 
were laid as outlined below: 


Gradation of Screenings Gradation of 1} to 2}-in. Stone 
Total retained on No. 4 sieve, per cent............. © | Total retained on 2}-in. screen, per cent.......... 0 
Total retained on No. 8 sieve, per cent............. 34 Total retained on 2-in. screen, per cent........... 59 
Total retained on No. 16 sieve, per cent............ 60 Total retained on 1}-in. screen, per cent.......... 100 
Total retained on No. 30 sieve, per cent............ 75 
Total retained on No. 50 sieve, per cent............ 84 
Total retained on No. 100 sieve, per cent........... 90 


The layers of screenings were placed loosely without any com- 
paction and the stone layer was placed either immediately upon the 
subgrade or upon the loosely placed screenings to a loose thickness 
of 3,in. The roller was then run at a speed of approximately 3 miles 
per hr. in the same direction continuously around the track. The 
position of the roller was shifted laterally, about one inch for each 
round-trip. Approximately 60 passages of the roller were made over 
the track, during which time the roller was moved from the inside 
to the outside of the track and back again three times, making six 
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The following table shows the gradations of the screenings and ~~ 
of the 14 to 24-in. stone: 
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Fic. 8.—Clay Subgrade Without Blanket Layer of Stone Screenings. ¥ 
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complete lateral passages over each section. The effect of this action 
on the several sections is best seen in the accompanying Figs. 6 to 8. 

In Fig. 6 is shown a surface view of the sand subgrade section 
containing 2 in. of screenings. The other two sand sections behaved 
in about the same manner as this one. The screenings layer was not 
effective in preventing the sand from working its way up into the stone. 

In Fig. 7 is shown a cross-sectional view of the road surface 
having 1 in. of screenings on a clay subgrade. It will be noted that 
there is no upward penetration of the clay into the stone. 

In Fig. 8 is shown a cross-sectional view of the section in which 
the stone is laid directly on the clay subgrade. Note how the stone 
has been pushed almost completely through the 3-in. layer of clay 
and how the clay has penetrated upward through the voids in the 
stone. 

In conclusion, it would seem that when a macadam road is built 
on a clay subgrade, it would be a wise preacution to use a blanket 
course of screenings of 1 to 2 in. in thickness before laying the coarse 
stone. When the subgrade is composed of extremely finely divided 
clean sand, such as used in these tests, the screenings may not be 
efficacious. 


Study of Effect of Percentage of Bitumen and Characteristics of Aggre- 
gates on Stability of Road-Mix Surfaces: 

An investigation has been conducted in an attempt to show the 
effect of bitumen content on the stability of open type, road-mix 
pavements. A preliminary study of the suitable amount of bitumen 
to use for the crushed stone aggregate gave 3 per cent. The stone 
used had a bulk specific gravity of 2.72 and a percentage of wear of 3.3. 
The gradation for each of the sections was the same: namely, 1} to 
1 in., “straight line” gradation. The cut-back asphalt used was 
purchased to conform with the following specifications: 

Flash point (Tag Open Cup) 80+ F. (27C.) solid 

at 827 200 to 400 


Distillation, per cent by volume: 
Total distillate to 374 F. (190 C.)............. 4 idm 
a iss Total distillate to 437 F. (225 C.)............. 10+ 
{ Total distillate to 600 F. (315 C.)............. 20+ ’ 
Total distillate to 680 F. (360 C.)............. 
Tests on residue from distillation: wr 
ay Penetration at 77 F. (25 C.) 100 g., 5 sec 60 to 120 Bey 
Ductility at 77 F. (25 60+ 
Sen Soluble in carbon disulfide, per cent 99.5+ Te 


_ The road-mix pavement was constructed by following actual 
construction methods as nearly as possible. First, the stone was dis- 
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tributed by means of a spreader-box to a uniform, loose depth of 
about 2} in. Then, the track was divided into six equal sections, 
which were treated with a total of 2, 3, 4, 44, 34 and 2} per cent of 
cut-back asphalt in the order named. This order was used to eliminate 
any sudden change in the adjoining sections. The cut-back asphalt 
was sprayed in two applications of equal amounts. Immediately 
after spraying, the stone was thoroughly raked and turned over with 
shovels to simulate the action of a grader and to produce a uniform 
coating.. The surface was then leveled with a strike-off board and 
allowed to cure. 

After 24 hours of accelerated curing, followed by about 3 days’ 
exposure to natural laboratory conditions, the surfaces were rolled. 
Immediately after rolling, the track was sprayed with ¥, gal. of 


TaBLe II.—Depta or RuttTinG in INCHES AFTER DIFFERENT NUMBER OF 
PASSES OF TIRE. 


cut-back asphalt per square yard, and stone chips, } to } in. in size 
and to the amount of 11.3 lb. per sq. yd. were broomed into the surface 
voids. The surface was rolled again; profile measurements were 
taken and the road was allowed to cure under natural laboratory con- 
ditions for 7 days. t 

The test for the stability of the above described pavement was | 
made by subjecting it to the action of the loaded tire and measuring ~ 
the amount of rutting in the pavement sections after a definite number © 
of passages.. The pavement was maintained at an arbitrarily chosen — 
constant temperature of 90 F. (32 C.) throughout the test. . 

After about 7000 passages of the tire an appreciable rut had de- 
veloped. It was now decided to fill the voids in the pavement with _ 
water and to continue to run the tire. After 5150 additional passages _ 
of the tire, with the pavement wet, the rut had become so deep and 
rough that the test had to be stopped because of the vibrations set 


up in the floor of the building. 
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The wheel running over the pavement saturated with water has 
the effect of pumping the water through the voids, causing the asphalt 
to lose its adhesion to the aggregate. This last portion of the investi- 
gation may be considered as a durability test on this type of construc- 
tion, especially when different aggregates and bituminous materials 
are thus compared. 

It was apparent that the quantities of cut-back asphalt used in 
these test sections more than covered the range employed in this type 


The results of these tests are tabulated in Table IT. 
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Fic. 9.—Gradation Curves Before and After Roller Tests on Aggregates for 
Bituminous Surface Treatment. 


From these tests and for the particular type of construction 
studied, the indications are: 

1. That bitumen content, within a practicable range has no 
appreciable effect on the stability of the open-type road-mix pavement. 

2. That water greatly accelerates the disintegration of open- 
type, road-mix pavements under the action of traffic. 


Stabilizing Effect of Top Dressing of Screenings on Open-Type Bi- 
tuminous Mixtures: 

In a particular study of the stability of open-type bituminous 
mixtures containing various percentages of crushed fragments, a 
rather important fact was brought out which further demonstrates 
the great usefulness of the circular track testing device. 

A test pavement of 2} in. loose thickness was constructed in 
seven sections, each of the same gradation, } to 1}-in., round opening 
screens, and of the same asphalt content, namely, 3.3 per cent, but 
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containing different percentages of crushed fragments. The track 
was rolled and cured for several days prior to testing under the action 
of the loaded tire. 

After 120 revolutions of the wheel a rut developed of different 
depths for the seven sections but which averaged 0.19 in. in depth. 
In 189 additional revolutions, the rut averaged 0.33 in. in depth. 
All seven sections were comparatively unstable. The pavement was 
then re-shaped and 12.0 lb. per sq. yd. of screenings were rolled into the 
surface of each section. The screenings had the following gradation: 


RETAINED, 
PER CENT 


The loaded wheel was then run for 4000 additional revolutions 
which resulted in an average depth of rut of 0.68 in. The rut de- 
veloped very much more gradually in this test than in the preceding 
test, thus, demonstrating the great stabilizing effect of filling the sur- 
face voids with screenings. 

It is strongly indicated by this test that choking the surface 
voids in an open bituminous mix with screenings greatly adds to the 
stability of that mix. 


an% 

Resistance of Aggregates to Crushing Under the Roller: 5 

An investigation has been made to determine the relative re- 
sistance to crushing of several aggregates for surface treatment work. 
Most of these aggregates passed the routine physical tests specified; 
yet it was known that some of them crushed excessively under rolling 
action during construction. The following samples were included in 
the test: 
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Cores A and B drilled at right angles to one another. 
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< a was decided to apply the fol’. wing simple roller crushing test: 
ee ine equal sections about 5 ft. long were marked off in the track. 
The identically graded samples were laid in the track in a 1-in. loose 
layer and the roller passed over them 200 times in a single path at 
approximately 175 ft. per min. To prevent excessive creeping of the 
samples, 100 passes of the roller were made, followed by 100 additional 
passes in the reversed direction. Thickness measurements were made 
before and after test, and mechanical analyses were made on samples 
taken from the path of the roller. 
The gradations before and after test are shown in Fig. 9. It 
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10.—Percentage Reduction in Thickness of Layer of 


will be noted that there is a definite grouping of the samples. Samples 
Nos. 6 and 7 show high resistance to crushing; samples Nos. 1, 2, 3 
and 4 are intermediate; and samples Nos. 5, 8, and 9 are inferior. 
This is also shown on Fig. 10 where the percentage reduction in thick- 
ness of the layer is plotted against the percentage of material passing 
the No. 4 sieve, the latter percentage being used as an index of crush- 
ing. Apparently there is no relation between the Deval abrasion 
test results and the resistance to the roller, nor does there appear 
to be any relation between the toughness test results and crushing 
under the roller. 

Figures 11, 12 and 13 show the appearance after rolling of a 
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Fic. 11.—Crushed Stone After Rolling, Superior Quality. 
< 
Fic. 12—Crushed Stone After Rolling, Intermediate Quality. 
| — | 
= Fic. 13.—Crushed Stone After Rolling, Inferior Quality. 
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superior, intermediate and inferior material, respectively (Samples 
Nos. 7, 2 and 8). 

The foregoing results show that the standard tests do not give 
an accurate indication of the resistance to crushing, and that a wide 
range of service results might be expected even with material satis- 
factorily passing the routine physical tests. It is believed that the 
roller test approaches actual service conditions and that the relative 
resistance to crushing so obtained is an indication of the relative 
merits of the materials for use where subjected to the crushing action 
of a roller during construction or of traffic. 


Investigations on Cold Lay, Liquefier Type of Bituminous Mixtures: 

Several problems have arisen in connection with the cold lay 
liquefier type of bituminous pavement. There seems to be no una- 
nimity of opinion among engineers as to: (a) the gradation of stone 
for use in the base and top courses, (b) the most desirable type of 
liquefier, and (c) the most favorable proportions of the mix as between 
the several ingredients, including stone, asphaltic cement, liquefier 
and hydrated lime. The present investigations have been conducted 
primarily to obtain some indication of the best gradation of aggregate 
for the maximum stability under traffic and for the maximum dur- 
ability under wet weather conditions involving rubber-tired traffic. 

Some cold-mix plants ship the mixture into adjoining states and 
it is expensive and uneconomical to make widely varying mixtures 
in the same plant. Consequently, if there is a limited range of grada- 
tion which gives the most favorable result, it would be desirable to 
determine what that range is. Ease of handling and workability 
as well as serviceability are important considerations in mixes of this 
type. 

Tests of Cold Lay Mixes.—The specifications of four adjoining 
states were analyzed and the limitations of gradation were determined 
for both the base and top courses. These ranges are shown in Table 
III, for the base courses and the top courses, respectively. Mixes 
were prepared in the laboratory by carefully grading the stone in 
accordance with these gradations, and mixtures were made up having 
the ingredients shown in Table IV. 

For each of the four state specifications, three mixtures were 
made, involving the coarsest, the finest and the intermediate aggregate 
gradations. The intermediate gradation was made up as the average 
of the extremes of gradation. The coarsest top mix was used with the 
coarsest base mix in all cases and, similarly, the finest and intermediate 
bases and top courses were combined. 

After iti and ew the bases, they were cured until the free 
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TABLE III.—EXTREME GRADATIONS OF AGGREGATES POSSIBLE IN Four DIFFERENT 


STATE SPECIFICATIONS. 


Round Openi . to 2-in. Screens 

StateA | StateB | StateC | State D 

Fine |Coarse| Fine |Coarse| Fine Fine |Coarse 

Base Course or Corp Lay Liqverrer Tree or Mixtures 
Total retained on 2-in. screen, per cent................. 0 0 0 0 0 0 
Total retained on 14-in. screen, per cent................ 5 | | 18 | 32 
Total retained on 1-in. screen, per cent................. 0 0 40 62 35 59 40 66 
Total retained on {-in. screen, per cent................. 47 62 62 83 60 85 50 77 
Total retained on §-in. screen, per cent................. 73 95 aa 
Total retained on }-in. screen, per cent................. 79 | 9 | 70 | 87 | 69 | 90 | 65 | 92 
Total retained on }-in. screen, per cent................. 9 | 96 | 8 | 9 | 8 | 09 | 73 | 92 
Total retained on No. 10 sieve, per cent................ 95 97 87 95 89 99 80 94 
Total retained on No. 30 sieve, per cent................ 97 98 93 96 4 99 85 96 
Total retained on No. 80 sieve, per cent................ 99 99 98 99 98 | 100 89 97 
Tor Course or Corp Lar Liquerme Tres oF Mixtures 

Total retained on 1-in. sereen, per cent................. 0 
Total retained on }-in. screen, per cent..............-.. nt 3 
Total retained on j-in. screen, per cent................. 0 0 0 4 0 0 aa 5 
Total retained on 3-in. screen, per cent................. 4 22 12 20 10 16 0 7 
Total retained on }-in. screen, per cent................. 50 | 80 | 6 | 85 | 55 | 85 | 37 | 6 
Total retained on }-in. screen, per cent................. 91 | .. ‘3 
Total retained on No, 10 sieve, per cent................ 92 96 74 89 67 89 70 86 
Total retained on No. 30 sieve, per cent................ 96 98 85 94 82 94 80 92 
Total retained on No. 80 sieve, per cent................ 98 99 97 99 97 99 88 95 


TABLE IV.—REQUIREMENTS FOR CoL_p Lay LIQUEFIER TyPE Bituminous CONCRETE 
IN Four ADJOINING STATES. 


Fine, Medium and Coarse Gradations. 


State A State B State C | State D 
Seo- | Sec- Sec- | Sec- | See- | Seo- | Sec- | Sec- | | See- Sec- 
Dative: Mu tion | tion tion | tion | tion | tion | tion | tion | tion | tion | tion 
No. 1 | No. No. 4 | No. No. 7 | No. 8 | No. 9 |No. 11|No. 12 


Course 
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| 
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1% 
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il 
Aperepete, par cunt......./08.8 193.55 95.1 (92.2 93.75 |95.35 93.5 (95.0 96.6 (91.2 (92.9 [94.6 
percent........, 1.0 0.7 | 0.4 | 1.0 | 0.7 10.35)1.5 | 0.95/04 [1.3 1.1 | 0.9 
Lime, per cent............| 1.0 |0.75/05 |1.0 |0.75/05 | 1.0 |0.75/05 |25 |2.0 | 1.5 
Asphalt cement, per cent. 6.0 5.8 4-8 3.8 13.3 [25 |5.0 | 3.0 
Tor Course 
per cent.......'90.0 [92.05 (94.1 91.0 [94.15 /91.5 (93.3 [95.1 (89.2 |90.5 [92.1 
[0.7 [10 | 0.08 | 0.35 | 1:5 "0.05/04 1/13 | 11 | 09 
Lime, per cent............1 1.0 |0.75/05 |1.0 |075/05 |1.0 |25 |2.0 |1.5 
Asphalt cement, per cent..| 8.0 | 6.5 5.0 5.0 4.0 |7.0 | 6.25 | 5.5 
— 
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liquefier was driven off. The top courses were rolled and cured in a 
similar manner. The test pavement was then subjected to the loaded 
tire running in a single path. 

Resulis—The results, expressed in terms of the average amount 
of rutting which occurred in the various sections, are shown in Fig. 
14. Itis noticeable that a wide range in stability existed. Mix No. 10 
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-———_RutHiing Due to 5000 Passes of Wheel Equipped with 100x20 Tire 


1 + te 
Under |1900-ib. Load with Pavement Dry 
= 
Additional Rutting Due to Additional 10,500 Pesses of Wheel 
with Pavement Wet 


Fic. 14.—Curve Showing Relative Stability and Durability of Cold-Lay Liquefier 
Type Mixes. 


Note.—Additional rutting measurements were taken at the outside portion of the rut where 
ravelling was most pronounced. 


was particularly unfavorable. It was finely graded and was the 


heaviest and densest mix in the various sections. There is not much 
to choose in stability in the remaining sections as judged by the amount 
of rutting produced under dry conditions. Sections Nos. 3, 6, 9 and 
12 contain the most open mixes in the respective specifications and 
under wet conditions sections Nos. 3, 6 and 9 seem toffbe the least 
durable and section No. 10 the most durable. Sections Nos. 4, 5 and 
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6 were the most resistant and best sections widiteiiee both stability 
and durability. 

The above tests are preliminary and are only a small portion of a 
more comprehensive series of tests on cold lay mixtures. These tests 
are too extensive to be considered further at the present time. an 


CONCLUSION 
Suk It was not the intention in the present paper to draw definite 
conclusions from the various tests which have been described briefly, 
but rather to show the wide range in applicability of a testing device 
of the circular track type. The machine was built originally as a 
device for testing the stability of different types of pavement mixtures, 
but it has many more possibilities and is extremely useful for studying 
other problems involving road materials. 

The roller attachment approaches actual rolling conditions during 
construction, and is very useful for studying the resistance of aggre- 
gates to the crushing action of the roller. Thus the various physical 
tests conducted on aggregates may be checked against service results. 
Since the action of the rubber-tired wheel is similar to that of traffic, 
service tests for stability can be made. Furthermore, by the use of 
chains on the tire, the resistance of various kinds of surfaces to the 
action of this type of traffic may be studied so as to obtain comparative 
results. Here, again, such results are useful in correlating the regular 
physical tests of aggregates with service behavior. 

The track may be flooded with water and subjected to traffic and, 
thus, the action of various aggregates in the retention of their bi- 
tuminous film may be studied. 

Finally, with this equipment, it is quite possible to freeze the 
surfacing material and then subject it to traffic upon thawing. 

From the foregoing it is apparent that the circular track testing 
machine is an excellent tool for quickly coordinating laboratory physi- 
cal tests with service behavior and for determining rapidly the service 


value of highway materials and their combinations. 
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Mr. M. H. Unman' (presented in written form)—We were so 
favorably impressed with the possibilities of the circular track ma- 
chines developed by the Bureau of Public Roads and Mr. Goldbeck 
as adaptable equipment for accelerated laboratory tests in the studies 
of subgrade stabilization, behavior of aggregates and stability of 
bituminous mixtures under service, that we have constructed a some- 
what similar one. The principal change in design compared to 
Mr. Goldbeck’s machine was to incorporate a direct drive of the 
wheel for more nearly simulating motorized vehicular behavior. 

I can appreciate in a study of the authors’ paper that they were 
desirous of giving information relative to the possibilities of the 
machine as a tool for the testing engineer rather than to furnish a 
detailed discussion of each of the investigations. I wish, however, 
to submit the following comments on each of the topics covered: 

Tests of the Inherent Stability of Aggregates—No information is 
furnished in the paper as to the kind of stone aggregate used. Pre- 
sumably it covers only the effect of gradation on one type of aggregate. 
In accordance with our observations sandstones, trap rock and lime- 
stones behave differently under the roller, the shape and quality of 
the fragments having an important bearing on the results obtained. 
This machine should furnish valuable data on these variables. 

We have verified the authors’ conclusions under actual service, 
for we always use an aggregate gradation in the various types of 
flexible bases and surface construction in which the maximum size 
very closely approaches the compacted thickness for the most durable 
results. 

Study of Effect of Percentage of Bitumen and Characteristics of 
A geregates on Stability of Road-Mix Surfaces.—It is not stated whether 
the percentages of bitumen are based on volume or weight, but I 
assume the latter to be the case, and also whether the percentage is 
on the basis of the cut-back or actual asphalt cement content of the 
cut-back. 

The stability of this type mixture would also be partially affected 
by the shape of the crushed fragments. We have made studies of 
the effect of water on these type surface courses and find that the 
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influence may vary with the type of bitumen, for certain bitumens 
may be more resistant to the water action than others. Such investi- 
gations should accordingly not only cover the bitumen content but 
the shape of particles and type of bitumen. The influence of cold 
weather by freezing and thawing is another factor which is important, 
for certain bitumens are more susceptible and thereby become brittle 
at the colder temperatures. 

The type of base and shoulders used also has an important in- 
fluence on these fine-graded open mixes, as rigid bases will hold the 
water on their surfaces while the flexible type bases permit of better 
drainage. 

Stabilizing Effect of Top Dressing of Screenings on Open-Type 
Bituminous Mixtures—A mixture of the type described would have 
little durability unless a seal coat was used in the construction con- 
sisting of choke stone and bitumen, in order to waterproof the mixture. 
We favor the use of stone chips free from dust rather than screenings 
as described by the authors of the paper, for the dust of fracture may 
have a tendency to “ball’’ when the bitumen is applied and also to 
prevent proper adherance of the bitumen to the stone. We use a 
double instead of a single seal coat application for the most desirable 
results. The results obtained by the authors of this paper substan- 
tiate the knowledge gained by field studies and again proves the 
value of the machine. 

Resistance of Aggregates to Crushing Under the Roller—The 
machine gives a practical means for evaluating the behavior of stone 
under the roller. We have sources of stone supply in Pennsylvania 
from which we cannot approve the aggregates for macadam or sur- 
face treatment chips due to excessive crushing taking place during 
construction. These particular sources, however, meet our require- 
ments for physical tests, for the percentage of wear is less than 5 and 
toughness in excess of 6. This confirms the authors’ conclusion that 
“the standard tests do not give an accurate indication of the resistance 
to crushing.” 

The machine also will give information as to the behavior under 
the roller of crushed fragments, which may be detrimentally affected 
by the shape of the particle, cleavage planes and laminations. The 
results, which would be seriously affected by these conditions, cannot 
be ascertained by the generally used tests, but a roller test gives 
correct information as to the aggregate’s behavior under service. 

Investigations on Cold Lay, Liquefier Type of Bituminous Mix- 
lures.—The important considerations for these type mixes are ease 
of handling and workability together with durability. It is un- 
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fortunate that some promoters have stressed the ease of handling and 
workability in the composition of their mixtures at the probable 
expense of durability. The ease of handling and workability is a 
function of the amount and type of liquefier. Excess liquefier and 
one which lacks volatility will cause subsequent bleeding and rutting 
under traffic regardless of aggregate gradation. The authors’ results 
again confirm that the coarsely-graded open mixes give the greatest 
durability, other conditions being favorable, such as proper quantity 
and type of liquefier. This type of surface course as originally designed 
provided for an open bottom course having large void spaces to 
provide for the top course, which filled the voids and sealed the under- 
lying bottom course and thereby obtaining a monolithic two-course 
pavement. 

We have pavements of this type under service since 1907 on high- 
ways carrying heavy traffic and such pavements are in excellent 
condition. The circular track is ideal equipment for making lab- 
oratory investigations as to the effect on durability of the variables 
already referred to and also relative to the amount of additional com- 
pression this type of mixture will take under traffic and the varying 
temperature conditions. It is generally known that these pave- 
ments will compress more in warm weather than in cold and will 
continue to compress under the action of traffic. 

This equipment should be an invaluable aid to the testing engineer 
in view of its many applications. It probably will serve as a measure 
for evaluating the merits of the various types of bituminous mixtures 
now being promoted. 

Mr. Prevost HupBarp.'—One thought that occurred to me 
had to do with results reported in the paper on open type aggregate 
mixtures with a wide variation in percentage of bitumen. These 
variations of from 2 to 43 per cent of bitumen in the mixtures actually 
represent a variation in the bitumen content itself of about 125 per 
cent. The conclusions, as far as they went, were that the percentage 
of bitumen within these limits had no noticeable effect upon stability. 
My comments in this connection are not a criticism of the conclusions 
drawn, because undoubtedly what the authors found was true for the 
temperature range of the tests. It would be unfortunate, however, 
for the reader to come to any conclusion that this variation in per- 
centage of bitumen is not a very important matter from other stand- 
points than that of stability at or around 90 F. 

I believe there has been a regrettable tendency in recent years 
to cut down the poceity.* of bitumen in these 7m. type mixtures 
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and also in some of the low cost closed type mixtures to a minimum 
which is exceedingly dangerous and which has resulted in more serious 
deterioration of the highway, particularly under low temperature 
winter conditions, than would have been the case if the film thickness 
or percentage of bitumen had been increased. The average reader 
might come to the conclusion that. 2 per cent bitumen would be all 
that would be necessary for this open type mixture, and this I believe 
is absolutely erroneous. A mixture containing such a low percentage 
of bitumen with such a thin film thickness would disintegrate much 
more rapidly under severe winter conditions than one containing 
the maximum percentage. 

Mr. Utman.—The bituminous surface course to which I referred 
as having been placed in 1907 and which is still in good condition 
contained approximately 4.5 per cent asphalt cement in the bottom 
course mixture and approximately 6 per cent in the top course mix- 
ture. This will confirm Mr. Hubbard’s statement relative to the 
necessity for obtaining sufficient bitumen content. 

Mr. J. S. MILter, Jr.1—I should like to say just a word that 
may indicate another line of thought in the usefulness of this track 
and at the same time clarify the statement that was made in other 
comments upon this paper, namely, the question of the effect of water 
on a mixture under test. Certain work we have been doing in cur 
laboratories and which has been referred to by others, indicates that 
a very definite factor in this water effect upon mixtures is the selective 
wetting of aggregates as between water and bitumen. Perhaps this 
or some other type of track may be a tool by which we can study 
interfacial tension between aggregates and bituminous substances 
with respect to any difference in wetting power for that aggregate 
between bitumen and water. 

Mr. F. H. Jackson.2—The work at the Bureau of Public Roads 
so far has been confined to determining the relative stability of various 
bituminous mixtures when subjected to the laboratory service test 
to which the authors refer. We have not as yet gone into the ques- 
tion of determining the relative amount of crushing which takes 
place when various types of aggregates are subjected to the test. 

There is one point I should like to mention in connection with 
the work that the authors have done, which has not been touched 
upon. The test which they developed is of course not adapted to 
routine laboratory testing. The equipment is too complicated and 
costly for that. It is a research tool, an accelerated service test 


! Director, Technical Bureau, The Barber Asphalt Co., Maurer, N. J. 


2 Senior Engineer of Tests, U. S. Bureau of Public Roads, Washington, D. C. fa nd =" 
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which measures the relative resistance of various aggregates to crush- 
ing and in this way furnishes information as to their relative value 
for use as surface treatment materials. What is needed now, it 
seems to me, is the speedy development of a routine laboratory test, 
the results of which can be correlated with an accelerated service 
test of this type. If such a test can be developed, it may be used to 
replace the Deval abrasion test, which seems to be pretty largely 
discredited as a result of this work. Recent work with the Los 
Angeles rattler test used by the California Highway Department 
indicates that this method may prove satisfactory. 

Mr. W. S. Houset.'—There are several points in this paper 
that are very interesting to the Michigan State Highway Department 
as we have a very difficult problem in finding crushed stone within 
the State that meets the specifications for bituminous aggregates. 
The authors apparently consider 7 as being a low toughness value. 
We feel rather pleased when we find a stone with a toughness as 
high as 7 and at the present time there is only one producer within 
the State who can furnish material which is consistently above this 
lower specification limit. Under these conditions we are, of course, 
interested in the development of a more suitable laboratory test for 
such materials and would be willing to accept changes in the type of 
tests used if it can be shown that the tests now in use are not reliable 
criteria. 

At the present time we are conducting an investigation on the 
behavior of various aggregates used in pavement construction along 
lines which almost exactly parallel the tests outlined by the authors. 
The investigation is being conducted by Mr. Rothgery of the Michigan 
State College at Lansing. The Michigan State College Laboratory 
has installed a circular roller of practically the same design as that 
described. The accompanying Fig. 1 is a photograph of the apparatus. 
The track is 16 ft. in outside diameter with a testing trough of rec- 
tangular cross-section of variable depth and 2 ft. in width. The 
roller is equipped with 3-speed transmission with automatic control 
which allows operation forward and reverse at variable speeds. The 
roller is-also equipped with a worm gear which makes it possible for 
the rotating roller to travel the full width back and forth across the 
trough where the sample is placed. We feel that this arrangement 
is desirable to more closely approximate actual traffic conditions. 

The investigation now under way provides for the roller test on 
not only crushed stone but slag and gravel as well, these tests being 


1 Research Consultant, Research and ye Division, are State Highway Dept., University 
of Michigan, Ann Arbor, Mich. 
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made on the loose material to give a comparative measure of the 
resistance to crushing and abrasion of these typical aggregates. 
Samples of the same material are being subjected to several com- 
monly used abrasion tests, such as the standard abrasion, modified 
abrasion, and the Los Angeles rattler. We feel that the roller test 
is perhaps more closely akin to the actual service condition of the 
material and it is our hope to correlate our results with the tests now 
in common use. We are also planning to make tests on the same 
aggregates when combined in the representative bituminous mixtures, 


* Fic. 1.—Apparatus Used by Michigan State Highway Department. pr 
ia 
again measuring the resistance of the aggregate itself and the sta- 
bility of the final road surface. 

We are in agreement with Mr. Jackson’s statements that this 
type of test is a research tool and is not particularly feasible for a 
routine laboratory test. The machine is rather expensive and occu- 
pies a very considerable amount of space. While this test may 
reproduce much more accurately actual service conditions it seems 
that the correlation of test results with present standard tests may 
be the most desirable improvement which might result from the 
investigations that are being made. 

In the tests conducted so far we have had considerable difficulty, 
particularly with gravel, due to shoving and displacing of the material | 
from beneath the roller. When the width of the roller is considerably 
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less than the width of the track the material ruts so quickly that we 
feel the test is not a true indication of the behavior of a particular 
thickness of material being tested. We are now planning on making 
the roller the full width of the trough to eliminate the lateral dis- 
placement. I should like to ask Mr. Goldbeck what he thinks of 
the idea of having the material entirely confined and whether or not 
this condition would more closely approximate the condition which 
the material encounters in service. 

Mr. A. T. GotpBeck.'—I rather like it. I think that is an im- 
provement over the narrow roller. We find when we use a 6-in. width 
of roller on a round type of aggregate, that we do get a lateral shoving 
as well as a longitudinal shoving. I think, however, that you will find 
the rounded material will shove more longitudinally than angular 
aggregates even with the full width of roller. A roller of 3-ft. diameter 
produces a higher intensity of pressure on the road surface than would 
a roller of greater diameter, and for that reason we find more difficulty 
in rolling a bituminous surface than we would find were the roller of 
greater diameter. I think if I were going to re-design the machine I 
might do two things— increase the diameter and width of the roller. 

Mr. W. H. Futweirter.*—-I should like to ask whether it is Mr. 
Goldbeck’s opinion that the tests made with the dry cover stone 
would give results in the same direction as would be secured in an 
actual bituminous surface where the particles are supported by the 
bituminous me terial. 

We have noticed in going over our own results that when the 
steel tired traffic practically disappeared from our roads ax it did five 
or six years ago there was quite a change in the grading curves in the 
aggregates of the surface mixtures, and that the present grading is 
quite different from that of ten or fifteen years ago. Some of this 
change has undoubtedly been due to changes in the grading of the 
original cover stone, but we believe that much of it is due to the 
change in the type of traffic that our surface materials are called upon 
to withstand. I will be glad to know whether Mr. Goldbeck has 
any figures to show the difference in the grading of materials tested 
dry, and in bituminous mixtures under the same loading conditions. 

Mr. GotpBeck.—I think Mr. Fulweiler is perfectly correct. You 
can get a high stability, maybe even a higher stability with aggregates 
graded to a fine size with a certain percentage of bitumen than with 
coarse aggregates with still another percentage of bitumen. Of course, 
film thickness plays a big part in the stability of bituminous mixtures. 


1 Director, Bureau of Engineering, National Crushed Stone Assn., Inc., Washington, D. C. 
2? Chemical Engineer, United Gas Improvement Co., Philadelphia, Pa. 
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These original tests on stone alone without any bituminous material 
added were made without any particular reference to what would be 
the effect had we added bituminous material. This was simply an 
investigation that we made to determine something of the inherent 
stability of different layers of different kinds of materials when not 
mixed with any kind of bituminous material. The results have a 
bearing on the question of what happens to railroad ballasts and, per- 
haps, what happens to loose layers of stone under traffic. They have 
something to do with the difficulty of rolling aggregates having different 
shapes and different sizes. 
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THE TESTING OF RUBBER AND RUBBER-LIKE 
MATERIALS FOR OIL RESISTANCE 


SYNOPSIS 


The serviceable life of rubber and rubber-like compositions in contact with — 
ils and solvents can be accurately forecast only if laboratory tests are conducted 
under conditions comparable to those that will be encountered in service. 

It is shown that changes in weight and volume during immersion in oils 
are less important than changes in such physical properties as resilience, strength, 
toughness, etc. 

At present the oil resistance of rubber and rubber-like materials cannot be 
adequately evaluated from tests that are expressed numerically. The most 
significant changes that occur during immersion in oils take place in such physical 
properties of the compound as flexibility, toughness, surface disintegration, and 
the like. As yet these changes are evaluated by superficial examination rather 
than by mechanical tests. It is most unfortunate that this is true, because these 
are the really important properties that determine the suitability of any give 
composition for use under any specified conditions of service. 


Methods of determining the tensile strength, extensibility, elas- 
ticity, abrasion resistance, cutting resistance, and other physical prop- 
erties of vulcanized rubber are well established. However, less atten- 
tion has been given to the development of methods of determining its 
oil resistance and interpreting the results of such tests. 

As applied to rubber and rubber-like products the term “oil re- 
sistance”’ is defined to mean their capacity to resist physical changes 
during or following contact with oils or solvents. The purpose of this 
paper is to discuss methods for determining the extent of the various 
changes that occur and to comment on the significance of these aaa 
as related to the performance of the product in service. __ eh 


Significance of Dimensional Changes: 


The most obvious effect of immersing rubber or rubber-like ma- 
terials in oils or solvents is the increase in volume. This is, of course, 
an important property, but it is of less importance than would be in- 
ferred by reading many consumer specifications. Rubber is used as a 
material of construction because of its extensibility, elasticity, strength, 


1 Manager of Rubber Laboratory, Rubber Chemicals Division, Organic Chemicals Dept., E. I. 
lu Pont de Nemours and Co., Inc., Wilmington, Del. 
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and toughness. If none of these properties were affected by contact 
with oil, changes in dimensions and in volume would not greatly re- 
strict its use. Obviously, the tendency to increase in volume is a 
serious shortcoming in rubber that is used for the tube of small diameter 
oil or solvent hose, but if this were the only shortcoming it could be 
taken care of by building the hose with a sufficiently great internal 
diameter to permit of sufficient flow after the rubber had reached its 
maximum degree of swelling. The percentage of increase in thickness 
and in volume is of little value in indicating the life of a rubber prod- 
uct, as will be seen from an analysis of the test results shown in Table I 
on two rubber compounds. achat 


TABLE I.—EFFECT OF KEROSINE ON TWO RUBBER COMPOUNDS. =| 


Percentage | Percen 
Cure Increase in | Increase in | Conditior 
Weight Volume 
asi cconeswansauavanae 30 min. at 274 F. (134 C.)......... 270 338 Brittle 
45 min. at 274 F. (134 C.)......... 222 278 Brittle 
60 min. at 274 F. (134 C.)......... 202 253 Brittle 
90 min. at 274 F. (134 C.)......... 176 220 Brittle 
30 min. at 274 F. (134 C.)......... 302 372 Flexible 
45 min. at 274 F. (134 C.)......... 264 325 Flexible 
60 min, at 274 F. (134 C.)......... 235 289 Flexible 
90 min. at 274 F. (134 C.)......... 237 292 Flexible 
® Compositions: Compound A, Compound B, 
—— parts by weight parts by weight 
Smoked sheets..............-. 100.0 — 
Phenyl-beta-naphthylamine.................... 2.0 2.0 
é vate gh d 2.6 
¢ 


Table I shows the changes in weight and volume that occurred 
when molded test specimens of these two compounds, 1 by 2 by 0.080 
_ in. thick, were immersed one month in kerosine at 82 F. (28 C.) The 
_ test specimens were weighed before immersion; and after removal 
_ from the kerosine they were wiped dry with a cloth and weighed im- 
_ mediately. The percentage of increase in volume was calculated ac- 
cording to the formula: 


Percentage increase in weight X specific 
gravity of sample 


ercentage increase in volume of 
If the oil resistance of these two rubber compounds were judged 
only by the changes in weight and volume during immersion in kero- 
sine, one would be forced to the conclusion that compound A is better 
than compound B. However, compound A lost practically all of its 
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strength and toughness during immersion, and at the end hie the test 


it was so tender that it could not be bent on itself without breaking. © ie 
Compound B, on the other hand, retained its strength, extensibility, Se i 
and toughness to a considerable degree, and is therefore a more ser- 


viceable compound for use in contact with kerosine. Thesedatadem- 
onstrate clearly the fact that changes in weight and volume do not : 
indicate the extent of other and more important physical changes that Es 

may take place when rubber is in contact with kerosine. In other 

words, dimensional changes do not parallel changes in other and more ‘a 
important physical properties. 


Measurement of Dimensional Changes: 


It is extremely difficult to measure accurately the changes in > 
dimensions that occur in rubber during immersion in a swelling 
medium. Changes in length and width can be measured with a fair aa a 3 
degree of accuracy if the specimen has undergone no distortion during 3 7 
immersion, but accurate measurement of thickness after immersion is 
quite impossible, due to the extreme softness of swollen rubber. 

Perhaps the best method of measuring changes in volume during © 
immersion is by water displacement. This is often referred to as the 
‘““Navy Method,” and is used in U. S. Navy Department Tentative 
Specifications for non-metallic gasoline hose, No. 33 H 2 dated April 
18, 1934. The necessary data may be quickly obtained with a Jolly 
or other suitable balance and the volume changes calculated according _ 
to the formula: 


Water displacement after test — Initial 
water displacement 


Percentage increase in volume = — - 
Initial water displacement 


100..(2) 


Other observers, including the author, have determined change in 
volume by measuring change in weight and calculating the volume oe 
change according to Eq. 1. of this paper. This method of calculation = 
requires the assumption that the volume of the rubber afterimmersion == 

in the solvent is equal to its original volume plus the volume of i 
absorbed. It will give erroneous results if the volume of the rubber 
itself changes during immersion due to removal of extractable materials a 
from the rubber by the solvent in which it is immersed. Erroreous 
results may also be obtained when the liquid in which the rubber is _ 
immersed contains two or more components having different specific = 
gravities, because the two components may not be absorbed by i =i 
rubber to the same extent. Hence, when swelling tests areconducted ~~ 
in a mixed liquid, the specific gravity of the liquid absorbed may not et: | 
be the same as the specific gravity of the swelling medium. nena 
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a The Navy method (water displacement) is not open to these 
_ objections because it measures the percentage of increase in volume 
_ directly and does not involve the assumptions upon which the calcu 

lation of increase in volume from increase in weight is based. 


- 


_ Measurement of Weight Changes: 


Test specimens should be wiped dry before weighing, and the 
time interval between the removal from the swelling medium and 
weighing should be kept constant and as short as possible in order to 
reduce to a minimum the possible error due to evaporation of the 
swelling medium. 


Significance and Measure of Extraction and Sloughing: 


Changes in weight and volume should never be taken as criteria 
_ of oil resistance without also taking into consideration the quantity 
__ and kinds of material extracted by the swelling medium. The presence 
of extractable material is indicated by changes in the appearance of 
the oil or solvent that is being used as the swelling medium. The 
quantity of extractable matter in natural rubber and in most rubber- 
like products is not great and is quite constant. However, compound- 
ing ingredients are often used which may be extracted in varying 
degrees by different swelling media. 

The amount of matter extracted by a volatile solvent may be 
_ measured by evaporating the solvent to dryness and weighing the 
residue. There appears to be no satisfactory method of measuring 
the amount of material extracted by a non-volatile solvent. 

Many rubber compounds will “slough off,”’—that is, undergo 
a surface disintegration,—when immersed in oils, and deposit fine 
particles in the liquid. The contamination of the liquid in this 
manner is often very objectionable. For example, if a gasoline hose 
tube “sloughs off,” the gasoline is discolored and the particles of 
rubber may clog screens, etc., causing no end of trouble and delay. 

Accurate measurement of the degree of “‘sloughing off” is quite 
difficult. One may, of course, weigh the sample after drying out 
the liquid or weigh the residue that remains after evaporating a 
volatile liquid. But such tests fail to differentiate between solid par- 
ticles that ‘‘slough off” and soluble material extracted from the com- 
pound. One method of differentiation between these two sources 
of contamination is to stir the test specimen gently in the liquid 
after completion of the swelling test, strain the liquid, and weigh 
_ the dried residue collected on the screen. However, it is believed 
that the most satisfactory test is to examine the sample carefully 
during and at the completion of the test and to determine the extent 
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of surface disintegration by wiping it with a clean cloth or - by scraping 
lightly with a penknife. 


Significance of Changes in Physical ae 

No rubber compound may properly be called oil resistant unless 
its strength, resilience, toughness, etc., are maintained in a high 
degree during contact with the oils to which it will be exposed in 
service. 

In considering methods for determining changes in these physical 
properties during contact with oils, it is necessary to differentiate 
sharply between two types of tests. If the product is subjected to 
abrasive wear or to other mechanical stresses while immersed in or 
still saturated with the swelling agent, it seems obvious that tests 
for changes in physical properties should be conducted immediately 
after removal of the specimen from the testing liquid. Physical tests 
conducted at this time may be called “deterioration tests.” On the 
other hand, if the conditions of service are such that the product will 
be subjected to severe mechanical strain some time after removal 
from contact with the solvent, it is then desirable that physical tests 
be conducted after a period of rest following removal from the swelling 
medium. Tests conducted at this time may be called “recovery 
tests.” Obviously, the rest period should be sufficient to permit 
volatilization of a considerable portion of the swelling agent. 

Most rubber or rubber-like products called upon to resist the 
action of oils and solvents are subjected to mechanical strains during 
contact with the oil. In testing for this condition of service, deteriora- 
tion tests should be applied rather than recovery tests. On the other 
hand, certain products are used under conditions of service where 
recovery tests should be applied rather than deterioration tests. 
An example is tank-loading gasoline hose which is used intermittently 
and is subjected to the most severe mechanical strains, not while 
in use, but rather after having been used and having had an oppor- 
tunity to “‘recover,” that is, to lose by volatilization a considerable 
portion of the gasoline it has absorbed. 

The time interval between the removal of the test specimen 
from the swelling agent and making the test does not necessarily 
classify the test as “‘recovery” or “deterioration.” For example, a 
tension test made on a test specimen one hour after removal from 
gasoline would be classed as a “‘recovery test,’’ whereas the same test 
made one hour after removal from lubricating oil would be classed as 
a “deterioration test,”’ because in the first instance the test specimen 
has recovered somewhat due to the volatilization of the gasoline, 
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whereas in the second case no appreciable amount of the lubricating 
oil has evaporated. 


Measurement of Changes in Physical Properties: 


There are no testing machines capable of measuring accurately 
the tensile strength, elongation at break, elastic modulus, tear re- 
sistance, and abrasion resistance of a rubber compound while it is 
swollen and wet with a solvent. Consequently, when o1e wishes to 
determine the changes in these properties during immersion in a 
swelling agent, he must rely on manual tests with the aid of such 
simple tools as the fingernail, a blunt screw driver, and a pocketknife. 
Such tests are, of course, incapable of numerical expression, but in 
the hands of an experienced operator they may be developed to a sur- 
prisingly high degree of accuracy. Tensile strength and elongation are 
estimated by stretching the sample until it breaks. The stiffness or 
elastic modulus is determined by stretching the swollen sample and 
making a mental note of the approximate force required to stretch 
it to a given extent as compared with the force required before 
immersion. The tear resistance can be determined with the finger- 
nail or with a screw driver, and should be correlated mentally with 
the grain effect which is aggravated in swollen rubber. Abrasion 
resistance can be judged by scraping with a penknife. 

If the conditions of service to which the product will be subjected 
are such that a recovery test is significant, it then becomes practical 
to apply the conventional machine tests for tensile strength, elonga- 
tion, modulus, and tear resistance. It must be borne in mind, how- 
ever, that the conventional testing machine is not at all well suited 
for the determination of physical properties of badly deteriorated 
samples. Hence, if recovery tests are to be of value, the immersion 
test must be stopped at a moderate degree of deterioration. It is 
believed that any machine tests for tensile strength are of little value 
on samples having a tensile strength of less than 500 lb. per sq. in. 
Below this point the manual tests are more significant. 

Machine abrasion tests are of no value whatever on a sample 
that has been exposed to swelling agents, because the unavoidable 
residue of swelling agent in the sample lubricates the abrasive track. 


Factors AFFECTING O1L RESISTANCE TESTS 


Effect of Temperature: 

All rubber and rubber-like compounds are more rapidly attacked 
by oils at elevated temperatures than at normal temperatures. It 
is frequently desirable to conduct tests at elevated temperatures 
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either for the purpose of duplicating service conditions or to accelerate 
the test so that the testing engineer may forecast the performance 
of the compound in the shortest possible time. The practicability 
of heat-accelerated tests depends upon the type of composition being 
tested and upon the solvent. Obviously, compositions that will be 
subjected in service only to normal temperatures should not be given 
heat-accelerated tests if their physical properties are seriously affected 
by elevated temperatures. Neither is it practical to use the heat- 
accelerated test when studying the effects of volatile or of flammable 
solvents. 

It is often possible to select a non-volatile solvent or blend of 
solvents that may be used at elevated temperatures to produce effects 
comparable to the effect produced by immersion in volatile solvents 
over a long period of time at normal temperatures. Obviously, such 
a test cannot properly be specified until the testing engineer has 
accumulated sufficient data to prove that the liquid chosen for test 
purposes at elevated temperatures produces effects comparable to 
those produced by the liquids that may be encountered in service. 

The weight of experimental evidence indicates that heat accel- 
eration is a practical means of forecasting the performance of most 
compositions in solvents at normal temperatures. 
Effect of Time: 

The time required to deteriorate rubber in contact with oils is 
influenced by the size and shape of the test specimen, by the tem- 
perature of the test, and by the rate of diffusion of the swelling 
medium. 

Vulcanized rubber usually swells rapidly during the early period 
of oil immersion and then falls off to a slow but gradual increment, 
which increment may be responsible for a considerable part of the total 
swelling." 

In any test for the oil resistance of rubber the time element is 
an important factor, and the investigator should avoid conclusions 
based on tests that are not run for a sufficient length of time to in- 


sure that no further appreciable decrease in physical properties will 
occur. 


Effect of Size and Shape of Test Specimen: 
Differences obtained in the results with test specimens of various 


shapes and sizes are greatest during the early periods of immersion, 
which is to be expected because the rate and degree of absorption 


1J. R. Scott, “The Swelling of Vulcanized Rubber in Liquids,” Transactions, Inst. Rubber In- 
dustry (London), Vol. V, No. 2 (1929). 
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and diffusion of the swelling agent are important factors. It is 
obvious that a thin test specimen will be more seriously attacked by 
oil in a shorter period of time than a thick specimen, which empha- 
sizes the fact that test specimens of the same shape and size should 
be used to obtain comparable results. 
Effect of Aging: 

The effect of aging is to reduce the oil resistance unless the 
rubber is so compounded as to increase in stiffness with aging, in 
which case the oil resistance may be slightly improved. Aside from 
the effect of aging on oil resistance, it is obviously necessary, from a 
purely commercial point of view, to have a good aging compound to 
prevent deterioration both before and during service in oil. Many 
so-called oil-resisting rubber compositions used in the past were 
notoriously poor agers, but fortunately the modern trend of com- 
pounding rubber for oil resistance has been also to improve the aging 
qualities. 

The testing of freshly vulcanized rubber compositions for their 
physical properties is conceded to be poor practice and is particularly 
to be discouraged in testing for oil resistance. ‘Test specimens should 
be allowed several days’ rest before immersion, in order to reach an 
equilibrium approximating that of the condition during service. 


Influence of External Mechanical Forces: 


The oil resistance of rubber and rubber-like products is in- 
fluenced by the amount and type of mechanical forces applied during 
immersion. ‘These forces may be static or dynamic, and the com- 
position may be subjected to compression or extension, or both. 
When the swelling of rubber is restricted by mechanical pressure, the 
amount of oil absorbed is naturally reduced. When the composition 
is in motion or in a strained condition, the rate of oil diffusion and of 
absorption increases. 

The scope of this paper is not broad enough to discuss the effect 
of these mechanical forces in a manner worthy of their importance. 
They are mentioned only in order to suggest to the testing engineer 
that in establishing his performance tests, he should use such test 
methods as will give results that can be interpreted in terms of oil 
resistance under service conditions. 


Effect of Quality of Swelling Media: 


Not only do different oils and solvents afiect rubber and rubber- 
like compounds in a different manner and to a different degree, but 
variations in the quality of a given type of oil or solvent often have 
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. marked efiect on the test results, and this is particularly true of 
, petroleum products, as was shown by Hayden and Krismann! in a 
study of the effect of immersing a DuPrene compound in various 
| types of crude and refined petroleum products. In this article it was 
shown that a Pennsylvania crude oil, which consists largely of satu- 
rated aliphatic hydrocarbons, caused the DuPrene stock to swell 
much less than the Midcontinent crude oils, which are somewhat 
unsaturated. Coastal crude oil, which is still more unsaturated and 
is composed largely of aromatic (naphthenic) hydrocarbons, caused 
more swelling of the DuPrene compound than either the Midcon- 
tinent or Pennsylvania crude oils. Variable results were also shown 
| with motor fuels and lubricants from different sources. It is therefore 
| very important to use solvents of known source and quality when 
testing the oil resistance of rubber and rubber-like compositions. 


SUMMARY 


The technique of testing the oil resistance of rubber and rubber- 
like materials is less accurate than that for many other qualities. 
It is impossible to obtain exact measurements of the most significant 
changes that occur during immersion in a swelling medium. The 
problems facing testing engineers are to develop observation and 
manual tests which will supplement machine tests, to develop accele- 
rated tests that can be correlated with service conditions, and to in- 
terpret test results in values which will demonstrate the performance 
of these products in oil or solvent service. 


10. M. Hayden and E. H. Krismann, “Effect of Oils and Chemicals on DuPrene Compounds,"’ 
Chemistry, Vol. 25, p. 1219 (1933). 
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DISCUSSION 


Mr. G. C. MAAssen! (presented in written form).—Referring to 
Mr. Hayden’s paper, there is a suggestion I should like to make in 
reference to the measurement of weight changes. It is believed that 
when rubber specimens have been immersed in solvents, it is inad- 
visable to wipe dry before weighing, especially when the solvent 
causes sloughing. By wiping, it is evident that all conditions being 
equal, the sample that sloughs off on the surface will have enough 
material wiped off to favor it in the swelling test. 

When volatile solvents are used, the rate of evaporation is usually 
great enough so that the surface is as dry in about a minute’s time as 
any wiping may make it. When non-volatile solvents are used, it is 
recommended that the sample be rinsed in a volatile solvent in which 
the non-volatile liquid is soluble. Thus by eliminating the wiping 
action, the material which sloughs off and becomes cheesy on the 
surface has no advantage over the material which remains firm 
throughout the test. 

Mr. O. M. HaypEN.?—Wiping or blotting a surface that is badly 
deteriorated from contact with oil will undoubtedly affect the results. 
A great deal of care must be exercised in wiping dry a swollen test 
specimen in order not to remove any of the surface. Significant data 
are usually obtained before serious surface disintegration occurs by 
taking weight change measurements at frequent intervals during the 
tests. Mr. Maassen’s suggestion is a valuable contribution and is 
worthy of serious consideration. 

Mr. ARTHUR W. CARPENTER.*—In discussing the factors affecting 
oil resistance tests, the author summarizes known principles governing 
the action of solvents on rubber which have been demonstrated by 
many workers in extensive research studies. Upon consideration, it 
is noted that these principles deal with the results from contact of 
rubber and solvent rather than with the fundamental causes and 
mechanism of the ensuing action. In the present paper, limitations as 
to both time and space doubtless compelled the author to forego any 
discussion of the various theories of the action of solvents on rubber. 
It would seem, however, that the development of satisfactory test 
methods for evaluating oil resistance would require precise understand- 


1 Hewitt Rubber Corp., Buffalo, N. Y. 

2 Manager of Rubber Laboratory, Rubber Chemicals Division, Organic Chemicals Dept., E. I. 
du Pont de Nemours and Co., Inc., Wilmington, Del. vay 

+ Manager of Testing Laboratories, The B. F. Goodrich Co., Akron, Ohio. ate 
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ing not only of the effects which oil produces in rubber but also of the 
causes and mechanism of the action. It is conceivable that such knowl- 
edge would entirely change the mode of attack of the test problem. 

Though much work has been done and valuable knowledge gained 
concerning the general effects of oils on rubber, it is amazing how little 
is known regarding precisely what happens internally when the two 
materials come together. In 1907, Spence! gave a theory of the 
behavior of unvulcanized rubber toward solvents while discussing the 
protein constituent of crude rubber. Later, Posnjak,? treating the 


swelling of rubber as a problem in colloid chemistry, measured swelling a 


pressures using a series of solvents and developed some mathematical 
relationships. He concluded that velocity of swelling is a reaction 


of the first order and that, on the whole, swelling appears to be a its } 


capillary phenomenon. Many writers have since discussed the effects 
of solvents on rubber. The paper by J. R. Scott, referred to by the 
author, is perhaps the most comprehensive recent treatment of the 
problem of swelling and deals entirely with vulcanized rubber. Scott 
states in his introduction, however, that the mechanism of the absorp- _ 
tion of liquid and the structure of swollen rubber gels are not discussed. 

Naunton, Jones and Smith* have presented a theory of the action 
of oil on rubber which treats the problem largely from a structural 
viewpoint. It would seem that the time is ripe for more fundamental 


research. The diffusion of the liquid into the rubber should be care- — pt 
fully investigated and the laws governing it established. Perhapsan 


osmotic study would be helpful. Such work should be of value in ig 
clarifying the test problem as well as possibly in indicating methods 


for development of rubber compounds having better oil resistance e _ 


than those used at present. 

The author has pointed out the difficulty of testing the tensile 
strength of rubber specimens after they have been immersed in oil. 
He indicates the lack of availability of suitable testing equipment, 
mentioning that the conventional equipment cannot be used success- 
fully for rubber-like materials that have tensile strengths below possi- 
bly 500 lb. per sq.in. This is entirely true under ordinary conditions. 


However, there are now available low-capacity tension testing machines 


suitable for use with rubber samples requiring total loads for rupture © 
as low as 50 g. Machines of this type are in use for testing thin 


specimens, such as rubber tape. Therefore, while we may not use th 


1D. Spence, “Distribution of the Protein in Para Rubber,"’ Quarterly Journal, Inst. Commercial 
Research in Tropics, Liverpool, 1907, pp. 47-60; reprinted in India Rubber Journal, Vol. 342 p. 766, 
and Vol. 35, p. 23 (1907). 

2 E. Posnjak, “Uber den Quellungsdruck,” Kolloidchemische Beihefte, Vol. 3, p. 417 (1912). 

*W. J. S. Naunton, Maldwyn Jones, and W. F. Smith, **Oil Resisting Rubber,” Transactions, 
Inst. Rubber Industry, Vol. 9, No. 3, October, 1933, p. 169. 
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the conventional 150-Ilb. capacity tension testing machine when we 
are dealing with total loads of a few ounces, it is possible by selecting 
the proper equipment to carry out tension tests on very weak rubber 
specimens with a fair degree of success. A similar situation exists in 
connection with the problem of holding the samples in the grips. Of 
course, after the test specimens are immersed in oil, they are slippery 
and are difficult to hold in clamps of the usual type. However, ring 
specimens have been successfully used and by employing properly 
designed wedge jaws, it is possible to hold swelled dumb-bell specimens 
quite well. I cannot agree that the use of tension tests as a measure 
of deterioration of rubber after immersion in solvents is as definitely 
out of the question as the author indicates. 

It is unfortunate that the author was handicapped in presenting 
this paper by having to deal with a subject so broad that much 
specific test data could not be given. I am sure that we would all 
like to see rather more extensive data on this subject. Since the 
Society’s Committee D-11 on Rubber Products now has a subcom- 
mittee which is actively at work under the chairmanship of the author 
on the problem of testing oil resistance, doubtless, in subsequent com- 
munications, more specific test information will be presented. The 
subject is so broad that detailed treatment must necessarily be re- 
stricted to limited phases. It seems therefore that the author chose 
wisely in presenting in this first paper a general view of the problem. 
I venture to hope that we may be favored with future papers dealing 
in detail with the separate factors involved in the testing of rubber for 
oil resistance. 

Mr. Hayven (by letier).—Undoubtedly an understanding of the 
cause and mechanism of the action of solvents on rubber would enable 
us to devise better methods of evaluating oil resistance and certainly 
it would contribute greatly to the development of solvent-resisting 
rubber compositions. The theory presented by Messrs. Naunton, — | 
Jones and Smith should stimulate fundamental research on the subject. 

I do not question the possibility of obtaining tension test results 
on very weak rubber specimens by the use of low-capacity tension _ 
testing machines. However, I doubt whether differences between ten- __ 
sile strength results of less than 500 lb. per sq. in., on rubber that has 
been weakened by immersion in solvents, are very significant. Surface 
defects, dispersion of compounding ingredients and other factors have 
a profound influence on the amount of work required to rupture de- 
graded rubber. It has been observed that there is a tendency for 
tension test results to level out when the tensile strength of rubber 


compositions falls below 500 Ib. per sq. in. 
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THE TESTING OF RAW MATERIALS FOR RUBBER _ 
COMPOUNDS ot} od) 4) 


Raw materials used in rubber manufacture must be of such a nature that 
they will perform properly their respective functions in the presence of the 
standard vulcanized rubber system of rubber-sulfur-zinc oxide-accelerator. 
After vulcanization they must remain unchanged and not bring about changes 
in the rubber. 

The critical points to consider in evaluating a raw material for rubber are: 

Ease of incorporation into rubber batches. 
Effect on rate of vulcanization and aging. 


1. 
2. 
3. Ability to reinforce or soften rubber compounds. 
4. Effect in imparting special physical properties. 
5. Properties involving human factors—color, odor, toxicity, consistency. 
j The physical and chemical properties used to evaluate the two most im- 
portant rubber compounding ingredients, zinc oxide and carbon black, are 
thoroughly described. The information obtained from the study of these 
materials is applied to the testing of all rubber compounding materials that are 
classed as pigments. 
Tests are run for two equally important reasons: To determine desirable 
properties and to detect traces of impurities. A mumber of important im- 
purities are described and their undesirability explained. 


Zz The raw materials ordinarily used for the preparation of rubber 
compounds may be considered in three classes. The first of these 
consists of crude rubber or rubber hydrocarbon in its various forms. 
The second class includes (a) vulcanizing agents such as sulfur, (5) 
accelerators of vulcanization, (c) activators or materials which may 
be designated as vulcanization aids and (d) antioxidants which act 
to preserve the vulcanized rubber mixture. Finally, there is that 
large group of materials often referred to in the rubber industry as 
pigments though including many substances having no relation to 
coloring effect. These may be liquids, waxes or resins as well as dry 
powders. The solid materials may be coarse or extremely finely 
divided. Some are chemically or physically active and others are 
entirely inert. The materials of this class are by far the most numer- 
ous and at present are responsible for the largest part of the raw 
materials testing in the rubber industry. 


1 Manager, Raw Materials Inspection and Development, The B. FP. Goodrich Co., Akron, Ohio. 
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Crude rubber, itself, is extremely difficult to evaluate by any 
test procedure. Like most substances of vegetable origin, it is ob- 
tained in many different forms, and varies with the climate and 
location of production as well as with many other factors. The 
nature of the material renders satisfactory sampling nearly impossible, 
and experience has demonstrated that better control results can be 
obtained at less cost through inspection and classification by experts 
in rubber grading than by c..emical or physical tests. The materials 
of the second class, however, are usually evaluated by test and some 
of the details are discussed herein since it is necessary to have a rather 
thorough knowledge of the part played by them in order to under- 
stand fully many of the specifications written for materials of the 
third class, namely, pigments intended for use in rubber compounds. 
For the most part, this discussion deals with dry powders and the 
materials classed as pigments. The tests now employed on the two 
most important ones are described in detail and the knowledge 
gained from these materials are applied to the general class of rubber 
pigments. 

Usually all pigments must conform to certain types of require- 
ments which determine the nature of the tests used. A simple rubber 
mixture usually contains rubber, sulfur, a small amount of zinc oxide 
and accelerator, sometimes fatty acid and at times other metallic 
oxides as vulcanization aids. Such a mixture containing no dry 
powder as a diluent or loading material is known as pure gum. These 
pure gum mixtures are of value only in the manufacture of a limited 
number of kinds of articles. Usually, pigments are added to pro- 
duce changes in physical properties desired for some particular use 
to which the article is to be put.!' The specifications drawn for the 
various pigments indicate to what degree these materials affect the 
physical properties of the cured rubber. Also incorporated in these 
specifications are the maximum limits for certain impurities. Con- 
sideration must always be given in judging raw materials for rubber 
manufacture that after vulcanization there shall occur no further 
change in the rubber due to the presence of impurities and that the | 


compound shall retain the properties imparted to it by the particular _ 
pigment present. It may be said in general that chemical testsofa 
material are used to determine the presence of impu...ies, often in 


very small amounts, while physical tests of rubber mixes containing _ 
the ingredient are used to demonstrate the degree to which the ma- 
terial fulfills its purpose in rubber compounding. 

1R. H. Seeds, “Compounding: A Discussion of the Fillers, Reinforce. ng Agents and Softeners 


Used in the Compounding of Rubber,” seinen Rubber, Cleveland Regional Me Meeting, Am. Soe. 
Testing Mats., p. 46 (1932). 
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In evaluating a raw material, five critical points must be considered: 
1. Ease of incorporation into rubber batches. 
2. Effect on rate of vulcanization and aging. So; ae 
3. Ability to reinforce or to soften rubber compounds. RY 2 me b= 
4. Effect in imparting special physical properties. , 
5. Properties involving human factors—color, odor, toxicity, 
consistency. 


The first qualification, ease of incorporation, is difficult to de- 
scribe in a specification in such a way as to make the requirements 
understandable to both manufacturer and user of a pigment. Itis _ 
a consideration of the utmost importance to the rubber manufacturer __ 
because it vitally affects the cost of batch preparation. Usually the 
requirement of uniform processing quality must be covered by stating 
in a specification that the material must be equal in this respect to _ 
an agreed-upon standard sample. Theoretically such a clause could 
be made to include all essential points of any specification. How- 
ever, it is more fair to a supplier to include in purchase specifications _ 
as many definite test requirements as possible and to employ this | 
general clause only to cover some quality which might otherwise be 
overlooked. In actual practice, factory batches are mixed for the 
determination of processing qualities, until it is certain that these do _ 
not vary with successive shipments. The sources of the materials 
are then approved. 

The second quality, the effect on rate of vulcanization and aging, 
is easily determined by incorporating the pigment in high percentages 
in a standard rubber batch and examining the changes in stress-strain 
data obtained by testing a series of vulcanized specimens of the batch. 

This type of test is well known and in very general use. By means 
of it, the effect of pigments on the vulcanization aids present in the — 
ordinary rubber batch may be appraised. 

The third quality, ability to reinforce or soften rubber com- _ 
pounds, is measured by the same physical tests as rate of cure except - 
that in this case the emphasis is on the physical properties themselves _ 
rather than in their rate of change with time. The measurements of _ 
stress-strain relation and tensile strength by standard rubber tension —_— 
testing machines are accurate enough to show the difference between _ 
pigments of various classes, and to determine the uniformity of 
particle size and to some extent particle shape. The relative effective. = 
ness of softeners may be judged from plasticity tests on the original 
batch, by measuring chemical properties of the softener, and by — 
testing the cured rubber for stress-strain relationship, tensile strength 
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The fourth quality, effect in imparting special physical properties, 
involves different testing for each kind of material considered. Sub- 
stances such as cork, graphite, shellac, aluminum powder, asbestos 
and wood flour are usually compounded in rubber which is subse- 
quently vulcanized and submitted to tests such as hardness, set, 
transverse strength and others which evalute those qualities in a 
pigment that render it of value for its special uses in rubber. 

Those properties of raw materials involving human factors, odor, 
toxicity and consistency, are often a matter of merely qualitative 
testing. This is not true in the case of color which again involves 
compounding into a particular rubber batch and making a comparison 
with standard pigment color. The toxicity of raw materials and odors 
due to impurities may render a raw material unfit for use in rubber. 
Consistency of oils and softeners plays an important part in the 
ease of working these materials into rubber on the mill and, from a 
purely personal standpoint, in the ease of handling of the ingredient 
before putting it into rubber. Many factors affecting personnel re- 
lations must be considered in evaluating a raw material for use. 
Quite often if a pigment flies badly when being mixed, this is just as 
severe an indictment from the standpoint of manufacturing opera- 


Turning now to the two most important rubber pigments, the 
criteria outlined above will be applied to zinc oxide and channel gas 
black. Zinc oxide is used in rubber in amounts varying from 1 to 70 
per cent of the batch. There are very few cured rubber articles that 
do not contain this pigment. Zinc oxide is used in large percentages 
for reinforcement or in small amounts for activation of organic accel- 
erators of either acid or basic types. It is also of extreme importance 
for white cr light-colored goods. Suppliers of the material produce 
a variety of pigments under the name “zinc oxide,” all of which con- 
tain the substance ZnO but in addition, certain impurities. The 
governing chemical factor in its use in large proportions seems to be 
not the oxide itself but rather the impurities in it or on its surface. 
The other factor of importance is that of particle size, but the signifi- 
cance of this property has often been wrongly estimated because of 
the effect of impurities present. It is well known that some batches 
containing large quantities of zinc oxide are difficult to mix on a mill. 
The reason for this difficulty could not be determined with accuracy 
until recently because of the impossibility of controlling all of the 
factors involved in roll mill mixing. With the increasing use of the 


tions as poor quality in rubber tests. iat 
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Banbury mixer for preparing masterbatches, differences were promptly 
found between zinc oxides. The pigment is much used in master- 
batch form—that is, it is first mixed into rubber in a high concentra- 
tion and this mixture is subsequently weighed into the final batch 
and serves to introduce the zinc oxide. This method assures accuracy 
both in weighing and in distribution of pigment in the ultimate com- 
pound. Differences in dispersibility are readily demonstrated in this 
masterbatch as Stutz, Haslam and Silver have recently shown.’ 
Depew also has published a résumé on “Zinc Oxide in Rubber”’ which 
includes a reference to many of the requirements for satisfactory 


TaBLeE I.—Errect or Acrpity, PARTICLE SizE AND TREATMENT OF SURFACE. 
Mineral Acid calculated as per cent HeSO,. 


material.2 For the present work, a large number of zinc oxides have 
been studied, thirteen of which are defined in the tables, lettered A to P. 
The principai factors influencing mixing of zinc oxide are: 
= 1. Mineral acidity of the oxide. 
2. Particle size. 
3. Treatment of surface. 
The effect of acidity due to mineral acid, of particle size, and of surface 
treatment with fatty acid is shown in Table I. 
The extent to which a zinc oxide affects the rate of vulcaniza- 
tion depends upon the concentration of the oxide in the compound. 
1G. F. A. Stutz, G. S. Haslam and B. R. Silver, “Zinc Oxides,” The Rubber Age, June 10, 1932; 
June 25, 1932; July 1041932. = 
2H. A. Depew, “Zinc Oxide in Rubber,” Industrial and Engineering Chemistry, Vol. 25, p.532 (1933). 


: 
/ 
as 
Lead, | Acid, Surface 
Code Process | percent | per cent Size, Percentage} Banbury | Treatment 
. | Max. | Min. | Avg. 
Errecr or Aciprrr 
0.05 0.23 410.1 | 0.6 85 Poor None 
American | 0.06 0.08 4 0.1 | 0.6 85 Good None 
Errect or Sve 
0.02 0.002 4 | 06 75 Excellent | None 
Fremeb 0.01 0.008 | 2/01 | 04 95 | Only fair | None 
Errect oy TREATMENT oF SuRFACE 
0.01 0.004 | 2/101 | 0.4 95 | Only fair | None 
0.01 0.01 2 10.1 | 0.4 95 Excellent | 0.3 per cent 
fattyacid 
0.07 0.00 | 210.1 |0.25| 95 | Poor | None 
0.05 0.01 210.1 | 0.3 99 Excellent | 0.35percent 
fatty acid 
aa 
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Small amounts of oxide up to 5 parts by weight to 100 lb. of rubber 
in the recipe produce satisfactory cures regardless of impurities or 
variations in particle size. When higher concentrations of the ma- 


TABLE I],—ErFrect oF AciIDITY ON CURE. 
Analysis: Oxipe Cope H OxiwE J 
Lead, per cent 0.30 
Acid, per cent 0. 35 asH:SOQ, 
Microexamination, p: 


RuBBER COMPOUNDING TESTS 
Recipe No. 234 (butyraldehyde aniline): 
‘Loan aT 


~< PER CENT PER CENT 
TENSILE ELONGa- TENSILE ELONGa- 
STRENGTH, ELONGA+ _ TION, STRENGTH, ELONGa- 
LB. PER TION, LB. PER LB. PER TION, LB. PER 
PERCENT sQ. IN. SQ.IN. PERCENT SQ. IN. 

10 min. at 275 F.. 675 450 2800 690 800 
30 min. at 275 F 695 900 3700 645 1300 
40 min. at 275 F 675 1000 625 1400 
110 min. at 275 F 640 1250 610 1400 


Recipe No. 224 


LOAD AT i py LOAD AT 


. PER CENT 
ELONGA- TENSILE EBLonca- 
STRENGTH, ELONGA- TION, STRENGTH, ELONGA- TION, 
LB. PER TION, LB. PER LB. PER TION, LB. PER 
SQ. IN. PERCENT SQ. IN. SQ. IN. PERCENT SQ. IN, 
10 min. at 307 F...: 630 900 2650 590 1150 
15 min. at 307 F 675 1050 3000 600 1250 
25 min. at 307 F 630 1300 3100 590 1400 
40 min. at 307 F 600 1450 
55 min. at 307 F 550 1525 


TION, 
Cure 


3150 580 1550 
2150 480 1650 


terial are used to produce special properties, the extent to which the 
particle size or impurities affect the rate or state of cure, varies directly 
with the percentages used. The test results which are given to show 
the effect of impurities have been secured using recipes containing 
about 20 volumes of zinc oxide to 100 volumes of rubber (weight ratio 
112 to 93). The principal factors of which the influence on rate of 
cure has been studied, using a high concentration of zinc oxide, are: 

1. Acidity of the oxide causing it to act as a retarder for accel- 


erators. The effect is most marked in the case of the ange amine 
accelerators. 
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2. The presence of lead oxide which functions as an activator 


for all basic accelerators and some acid accelerators such as mercapto 
benzothiazol. 


TaBLe III.—ActivaTion Errect oF Leap. tt 


Oxipe Cope J Oxipe Cope K 
0.06 


Analysis: 


Acid, per cent 
Microexamination, p: 


RuBBER COMPOUNDING TESTS 
Recipe No. 234 (butyraldehyde aniline): 


LOAD AT 
400 
Pee? PER CENT PER CENT 
‘ TENSILE ELonGa- TENSILE ELoNnGa- 
STRENGTH, ELONGA- ‘TION, STRENGTH, ELONGA- 

LB. PER TION, LB. PER LB. PER 
PERCENT SQ. IN. 
10 min. at 275 F 690 800 
30 min. at 275 F 645 1300 
40 min. at 275 F 625 1400 
110 min. at 275 F 610 1400 


CurE 


670 1100 
650 1250 
630 1350 


TABLE IV.—AcTIVATION EFFECT OF LEAD. 
Oxipe CopE L M 


0.05 
0.001 


Analysis: 


Acid, per cent 
Microexamination, p: 


RUBBER COMPOUNDING TESTS 
Recipe No. 234 (butyraldehyde aniline): Loap aT at 
400 400 
PER CENT aie r PER CENT 
TENSILE ELONGA- TENSILE ELONGA- 
ar STRENGTH, ELONGA- TION, STRENGTH, ELONGA- TION, 
: > as ‘ LB. PER TION, LB. PER LB. PER TION, LB. PER 
CurE PERCENT SQ. IN. SQ. IN. PERCENT SQ. IN. 
10 min. at 275 F 725 750 2600 705 500 
30 min. at 275 F 685 1000 3800 700 850 
40 min. at 275 F 685 1000 4000 700 
1_0 min. at 275 F 540 1400 4000 640 1400 


3. The presence of lead compounds which affects the cure of 
_ rubber with thiuram and dithio carbamate accelerators. 


4. Particle size which affects cure very little. 


t 
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These facts are brought out in the tests shown in Tables II, III 
and IV. It will be noted in Table II that the difference between the 
oxides is that of acidity, that the effect of this acidity is very marked 
on rubber stock accelerated with an aldehyde amine of the type of 


TABLE V.—RETARDING EFFECT OF LEAD ON THIURAMS 
Same Oxipes as Tasie IV. 


Oxide Code L (0.6 per cent lead) Oxide Code M (0.05 per cent lead) ah rt 
Recipe No. 109-BT (tetra methyl thiuram disulfide): 
PER CENT 
ELONGA- 
TION, 
. PER TION, LB. PER 
SQ. IN. PER CENT SQ. IN. 
790 200 3600 700 1550 
750 1100 3600 680 1525 
720 1100 3600 680 1625 
690 1150 3500 690 1500 


CENT 


ELonGa- TENSILE 


TION, STRENGTH, ELONGA- 
TION, LB, PER LB. 
PERCENT SQ. IN. 


in. at 275 F 
in. at 275 F 
in. at 275 F 
in. at 275 F 


TABLE VI.—EFFECT OF PARTICLE SIZE. 


Oxive Cope F 
0.07asPb 0.02 
0.004 as 0.002 


Oxipe Cope P 


RuBBER COMPOUNDING TESTS 


Recipe No. 234 (butyraldehyde aniline): 


LOAD AT + LOAD AT 
400 
PER CENT CENT 
ELONGA- Tenswz _—_—EELONGA- 
STRENGTH, ELONGA- TION, STRENGTH, ELONGA- TION, 


LB. PER TION, LB. PER LB. PER TION, 
SQ.IN. PERCENT SQ. IN. 


TENSILE 


LB. PER 
SQ. IN. PERCENT SQ. IN, 


720 650 3350 680 850 
710 1000 3900 655 1200 
700 1200 3900 625 1300 
650 1450 3550 610 1300 


hexamethylene tetramine. In Table III the difference between the 


_ oxides is that of lead content, and the oxide carrying a small amount 
of litharge cures more rapidly than that which contains only a trace 
of lead. A similar comparison is made in Table IV using very finely 


7 
9 
| 
Analysis: 
ercentage by weight below 1 yu 
| ty abe 
7 a 
10 min, at 275 
30 min. at 275 F......... 410 
40 min. at 275 F......... 415 
min. at 275 F......... 370 
e wher ith 
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divided zinc oxide, and again the lead content activates the rubber 
compound accelerated with a basic accelerator. Oxide L cures faster 
initially than oxide M and overcures more. Table V shows the 
retarding effect of lead in zinc oxide on cures with a thiuram disulfide 
accelerator. In Table VI the difference between the oxides is that of 
particle size. These two oxides have the same rate of cure although 
oxide F is considerably finer than oxide P. The recipes used in testing 
zinc oxide are as follows: 


Recipe No. 109-BT: Recipe No. 224: Recipe No. 234: 


100.00 parts by weight Rubber. ...466.50 
Tetramethyl 


thiuram 808 Accelerator. . 
i 0.25 parts by weight Zinc oxide..635.00 Zinc oxide 
3.00 parts by weight 
Zine oxide. ...100.00 parts by weight Approximately 23 Exactly 20 volumes per 
volumes per 100 100 volumes of rubber 
volumes of rubber 
The evaluation of zinc oxide as regards the last two general re- 
quirements, those of special physical properties and personal factors, 
is covered by the whole specification which carefully controls the 
pigment. Although zinc salts are considered to be poisonous, zinc 
oxide as a material to be handled by human beings is ordinarily not 
considered toxic. 
A specification for the ideal zinc oxide for general use includes 
the following requirements: 
Lead, per cent, max 


te i Sulfide metal such as cadmium, bismuth, etc., per cent, max. 
Acidity calculated as H,SO,, per cent, max 


In addition to these requirements, testing of the oxide in a standard 
recipe accelerated with hexamethylene tetramine should be required 
since curing with this accelerator brings out certain factors not men- 
tioned elsewhere in the specification, such as color after vulcanization 
and particle size. The latter is fairly well indicated by the load at 
400 per cent, the tensile strength and tear resistance. A valuable 
check on the chemical analysis is also afforded in that this recipe will 
demonstrate the presence of lead by both rate of cure and color. 
The specification for zinc oxide includes a number of other require- 
ments such as color, feel, and fineness of the raw material, but these 
are part of every specification for rubber compounding ingredients. 


Aw EVALUATION OF CARBON BLACK 


_ Carbon black, another pigment of great importance in rubber 
manufacture, is used in all automobile tire treads and in practically 
every kind of rubber used for abrasion resistance. This material 
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aptly illustrates the necessity for a close scrutiny of laboratory be- 
havior before release for factory production. The two major prob- 
lems in evaluating channel gas black for use in rubber are the same as 
those for zinc oxide: namely, effect on accelerators and ease of incor- 
poration into rubber. The effect on accelerators is always tested by 
mixing a small rubber batch and determining the rate of cure. No 
chemical properties readily determined have as yet been found prac- 
tical by rubber manufacturers as a means for evaluating carbon black 
for rate of cure, though several papers have been published by in- 
dividuals of the carbon black industry on the use of the high-tem- 
perature volatile loss determination as a control test in determining 
the rate of cure of carbon black in rubber. This method may be 
satisfactory to the pigment manufacturer for it is particularly appli- 
cable to the control of gas black from a given manufacturing unit. 
It is not of value, however, as a laboratory measurement for carbon 
blacks where a comparison of the products of a number of plants is 
necessary. For use with basic accelerators such as the aldehyde 
amines or guanidines, a much closer scrutiny of rate of cure is neces- 
sary than for acidic accelerators of the mercapto benzo thiazole or 
thiuram type. For example, two channel gas blacks, differing from 
one another when cured in a recipe containing diphenyl guanidine by 
as much as 15 min. in time necessary to reach the optimum state of 
cure at 290 F. (143 C.), could nevertheless be used with mercapto 
benzo thiazole interchangeably. 

Although the function of carbon black in affecting rate of cure 
can be readily evaluated in the laboratory, measuring the ease of 
dispersion in rubber presents much more difficulty. Much time has 
been spent in attempting to develop a laboratory method of dispersing 
black using the 12-in. roller mill, which is the usual laboratory mixing 
equipment. Because of the tremendous amount of mechanical work 
done on the rubber batch by the small mill, small differences in power 
consumption cannot be accurately measured. Without this informa- 
tion, it is practically impossible to differentiate between carbon blacks 
which disperse easily or with great difficulty. Differences in ease of 
incorporation into rubber can be readily demonstrated using a factory 
Banbury mixer, and a few manufacturers and consumers have in- 
stalled laboratory Banbury mixers which are small replicas of the 
large machines. These little Banbury mixers have not been found 
altogether satisfactory for the purpose of testing dispersibility of car- 
bon black except under very special conditions. Development work 


1C. R. Johnson, “Carbon Black I, A Study of Its Volatile Constituents,” Rubber Chemistry and 
Technology, Vol. 1, p. 465; “Carbon Black II, The Role of Oxygen," Rubber Chemistry and Technology, 


Vol. 3, p. 122. 
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has been in progress on the use of the Schiller mixer for the evaluation 
of the dispersion factor of carbon black and very interesting results 
have been secured by Schoenfeld and Allen.1 When this method is 
finally worked out on a practical basis as a method of test, it should 
be of great value both to the producer and consumer of carbon black. 

Determining the amount of grit in channel gas black has been 
responsible for one of the most discussed phases of carbon-black 
testing. The specification requirements of the various companies all 
differ with respect to the amount of grit allowable. Carbon black is 
tested for grit by the wet screening method; an 80-mesh screen was the 
standard testing equipment until recently when one consumer insti- 
tuted the use of a 325-mesh screen. The presence of grit in the 


Fic. 1.—Showing So-called “Hard Fi —Showing Good Channel 
Agglomerate.”’ Gas Black Going into Rubber. 


amounts retained on an 80-mesh screen has not yet been proved to 


be harmful, although several papers** have been written on both wT 


sides of this controversy. 
Carbon black is also tested for acetone extract, benzol extract 


and heating loss at 105 C. (221 F.). The extracts are of value in ae 
determining the amount of non-carbon material which may bleed __ 


from an underlying layer of carbon black compound to the surface _ 
of a white rubber cover and cause discoloration. The heating loss — 
determines the amount of moisture and hydrocarbons volatile at the 
temperature of the test. Carbon black with a heating loss greater 
than 3 per cent is undesirable because there is a possibility that 
rubber stock containing a considerable portion of this type of black 
will be porous after cure. 


1B. K. Schoenfeld and R. P. Allen, “Dispersibility of Gas Black,” Industrial and Engineering 


Chemistry Vol. 25, October, 1933, p. 1102. 
? J. F. Street, “Grit in Carbon Black,” Industrial and Engineering Chemistry, Vol. 24, p. 559 (1932). 


¢D. W. Kearsley and C. R. Park, “Effect of Grit upon the Stress and Strain Properties of a 


Carbon Black Stock," Rubber Chemistry and Technology, Vol. 4, p. 404. 
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PIGMENTS—Dry POWDERS 

It is possible to outline certain general requirements for pigments 
in general, applying some of the information obtained on gas black 
and zinc oxide in the evaluation of other materials. Among dry 
powders, calcium carbonate, either dry ground or chemically pre- 
cipitated, calcium sulfate, clay, barium sulfate, barium carbonate, 
slate flour and a wide variety of special materials have been widely 
used by the rubber industry. The type of chemical compound used 
as a pigment for either loading or reinforcing is unimportant, provided 
the material is not chemically reactive under the conditions of vul- 
canization and afterward. The heating Joss for 2 hr. at 105 C. is an 
important test for determination of moisture. The ash or ignition 
test is run to check the chemical constitution and stability of the 
particular pigment involved. Routine microscopic observation is 
used to determine uniformity of particle size. 

Fineness: 

Particle size of pigments must be given particular attention and 
may be considered under two headings. The first has to do with 
contamination by coarse particles and can best be referred to as 
macroscopic fineness, while the other is concerned with the size of the 
average particle which is determined microscopically. In regard to 
presence of coarse particles, it is well-known fact that flaws or faults 
due to grit in rubber goods cause early failure from tear and thereby 
give low tensile strength and poor tear resistance in laboratory tests. 
To determine the presence of coarse particles, the amount retained on 
- a 325-mesh screen by the water-wash method is usually measured. 
For soft rubber, the specification should permit not more than 1 per 
cent retained on a 325-mesh screen. Much better mixing conditions 
can be obtained ‘when a coarser pigment is used, but poor flex resist- 
ance will result if a pigment with too coarse particles is used in soft 
rubber. Because of the fact that hard rubber does not undergo 
flexing, it is possible to take advantage of the easy mixing of a some- 
what coarser pigment in compounding for hard-rubber articles. 
Most hard-rubber batches are very soft in the uncured state be- 
cause of the softening effect of large amounts of sulfur and the presence 
of considerable added softener in most cheap batches. This softness 
will allow very fine pigment to agglomerate during mixing, and pig- 
ment lumps will result in the cured stock. By using a slightly coarser 
pigment with a controlled particle size these mixing conditions are 
improved. This control is obtained by specifying the maximum and 
minimum retained on 100,200 and 325-mesh screens. Requirements 
similar to those for pigments used in hard rubber apply to sulfur for 
use in soft rubber. Sulfur dissolves in rubber if only fairly fine and 
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mixes easily into the batches. Hence specifications for sulfur may 
require not more than 95 per cent and not less than 85 per cent to 
pass through a 200-mesh screen, but 100 per cent through a 100-mesh 
screen. As the average particle size diminishes in microscopic fine- 
ness, more and more difficulty is encountered in obtaining uniform 
distribution between a soft binder phase and the fine pigment. Pig- 
ments having the smallest average particle size give much trouble 
both on the mixing mill and in the internal mixer. In this respect all 
extremely fine pigments are like zinc oxide. A close balance must 
be maintained between the advantages of fine pigments in producing 
rubber compounds of superior physical properties and the difficulties 
encountered in mixing. The ability of the miscellaneous fillers to 
reinforce rubber compounds is also a function of the particle size, 
finer pigments giving greater stiffness, higher tensile strength, and 


Effects on Vulcanization and Aging: 


Most pigments that are desirable for 1 use as s fillers have no effect 
on rate of vulcanization or aging unless chemical impurities are 
present. However, lime, litharge and magnesia are inorganic accel- 
erators of vulcanization and, as such, do not fall into the general class 
of fillers. These materials are often used in rubber goods without 
organic accelerator or zinc oxide; but when used in conjunction with 
either of the latter materials they enhance the accelerating effect. It 
is not the purpose of this paper to discuss the theories of vulcaniza- 
tion, which have been very well treated by Bedford' and a number of 
other investigators in the past fifteen years. It is sufficient here to 
mention that these pigments, functioning as accelerators, are active 
only at the surface of the particles and probably after solution in 
the rubber mix, by small amounts of fatty acid. It is not surprising, 
therefore, that differences in rate of cure with these pigments may be 
observed if samples of different particle size are tested. The most 
striking example of this is the case of magnesium oxide. One ma- 
terial in quite general use is prepared by calcining natural magnesium 
carbonate. The product, known as heavy calcined magnesia, is 
finely ground and is an active accelerator in both hard and soft rubber 
when used in concentrations of about four or five parts by weight on 
100 parts of rubber. Another magnesium oxide is prepared by 
calcining chemically precipitated magnesium carbonate. This oxide 
is extremely active as an accelerator of vulcanization in concentra- 
tions of one-half to one part by weight in 100 parts of rubber. An 
examination of these two materials under the microscope indicates a 


1C. W. Bedford and Winfield Scott, “Vulcanization,” Industrial and Engineering Chemistry, 
Vol. 13, No. 2, p. 125. 
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wide divergence of particle size: the more active material, known as 


pound which would ordinarily have a life of several years may be 
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light calcined magnesia, being the finer of the two. The same differ- 
ences can be discovered if an examination of the lead oxides of differ- 
ent activity is made or if calcium oxide is examined in the same way. 
It has, therefore, become standard practice to make a microscopic 
examination of these pigments as part of the testing routine. In 
addition to the analyses to which every pigment is subjected, mag- 
nesium oxide is always tested carefully for manganese because of the 
close association of these two metals in nature and the deleterious 
effect of manganese on aging.' 

At the present time, practically all pigments are tested for man- 
ganese, a metal which has such wide distribution that minute amounts 
are found in many naturally occurring minerals. A rubber com- 


completely destroyed in a year or less due to the presence of man- 
ganese in an active form. ‘The natural aging effects are not as well 
authenticated as the accelerated tests such as oxygen bomb aging and 
hot-air oven tests, but it has been demonstrated in enough cases that 
natural aging follows these accelerated tests to know that manganese, 
like copper and cobalt, is not a welcome impurity in any rubber com- 
pounding ingredient. Fortunately, the presence of copper and 
cobalt is easily controlled since they are present in few of our naturally 
occurring minerals and must usually be introduced through some 
process in the manufacture of the finished pigment. 3 eee 


Some pigments produce special physical properties in rubber. 
Both diatomaceous earth and magnesium carbonate, because of their 
particle shape, impart stiffness to rubber compounds. These ma- 
terials are used only where a special type of hardness or stiffness is 
desired.2. To measure these properties, tests of transverse strength, 
permanent set and stress-strain characteristics are specified. The dry 
powders most generally used do not affect human beings in the factory 
or in the finished goods during use. Most of them have no odor or 
toxicity (except lead compounds) and are usually agreeable to handle. | 
Materials added to rubber batches for the purpose of producing 
color form a very special class of compounding ingredients. The 
major portion of the testing of these materials is done in a particular 
type of compounded rubber containing either lithopone or titanium 
oxide to give a background for the color. Only a small percentage 


1B. S. Taylor and W. N. Jones, “Effect of Certain Metallic Salts on the Aging of a Tread Com- 
pound,” Industrial and Engineering Chemisiry, Vol. 20, No. 2, February, 1928, p. 132. 

?R. H. Seeds, “Compounding: A Discussion of the Fillers, Reinforcing Agents and Softeners 

« in the Compounding of Rubber,”’ Symposium on Rubber, Cleveland Regional Meeting, Am. 

Testing Mats., p. 46 (1932), 
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of the color is used in this test recipe. After a color has been approved 
as satisfactory on a tinting strength - cost basis, it is necessary to 
submit it to a number of special tests to determine whether it is satis- 
factory for general use in rubber goods. Coloring material should 
not be soluble in rubber for this results in a tendency for the dye to 
bleed from the colored portion into any white material touching it. 
Even though the color is not one which bleeds readily, it still may be 
soluble enough to bloom on to the surface of a dark-colored portion of 
rubber either overlying or adjacent to the colored section. This 
consideration is important in footwear manufacture. The effect of 
the all-weather aging test, usually run on the roof in direct sunlight, 
and the effect of sunlight through glass are quite important in deter- 
mining how long the bright appearance of a piece of colored rubber 
will last in a particular type of service. Most colors are also tested 
by soaking the rubber sample in water to see whether the organic 
dye involved will color the water. Some coloring ingredients in 
rubber are even tested in ethyl alcohol, ether, or vegetable oils where 
there is a possibility that these colors will go into druggists’ sundries 
and be used in contact with a variety of medicinal solutions. The 
evaluation of a color for rubber has been based upon so many tests 
that it is not difficult to understand why only a very limited number 
of organic dyes are satisfactory for use in rubber goods. In general 
the mineral colors are most satisfactory on every point except strength 
and brightness. Iron oxide, chromium oxide, cadmium sulfide and 
ultramarine blue are fast to light and to many chemicals and may be 
safely used for most types of service. The amount of red oxide of iron 
used by the rubber industry, however, exceeds the total tonnage of 
all other colors. It must be very carefully tested for manganese in 
order to be certain that it will not produce poor aging. 


Pigments Other Than Dry Powders: 


Liquid or resinous compounding ingredients, known as softeners, 
are used for the prime purpose of improving the processing of uncured 
rubber stocks. Specifications written for these materials very seldom 
involve any standard tests in vulcanized rubber because their effect 
on cured rubber is often quite different from the properties which 
they impart in the unvulcanized mix. Each softener has its own 
purpose in rubber, and rubber compounders can describe the function 
of the softener used in any given compound, but it has been found 
difficult to create a rubber test which could be used as a control for 
these materials. In the inspection and testing of softeners, an at- 
tempt is made to control any material used in rubber according to 
empirical rules. The heating loss at 165 C. (221 F.) and the per- 


4 
| 
at 
} 
. 
4 
A 
J 
2 


o> 


® 


fay 
662 TAYLOR ON TESTING RAW MATERIALS FOR RUBBER COMPOUNDS 


centage of ash are generai tests to determine the uniformity of the 
material. In applying the five critical points to the testing of soften- 
ers, the solid softeners, such as mineral rubber or hardwood pitch, are 
easy to incorporate but as more liquid softeners are chosen, difficulties 
of incorporation occur. This seems to be primarily a function of the 
greasing action of the softener on the mill roll during the mixing 
process. Mineral rubber and hardwood pitch both go into rubber 
easily and make the unvulcanized rubber compound mushy so that 
it can be run through an extruding machine or be formed readily. 
However, neither of these materials soften the cured rubber to any 
great degree. Paraffin, petrolatum and mineral oil aid in processing 
of uncured stock, and in addition soften the cured rubber. The 
fatty acids and vegetable oils have a somewhat different type of 
softening effect in uncured rubber and vary in the degree of softening 
imparted to cured rubber. 

Each softener has its own effect on the rate of vulcanization and 
aging. Iodine number as a measure of unsaturation may be used to 
indicate their possible behavior. A highly unsaturated material such 
as asphaltum oil absorbs sulfur during vulcanization and thereby re- 
tards the rate of cure. Material such as linseed oil, because of the 
unsaturated residue remaining after vulcanization, has a harmful 
effect upon aging. Most accelerators are affected by the amount of 
organic acid present in the rubber mix. Among the most active in 
speeding vulcanization with some organic accelerators is stearic acid. 
This property is utilized for the purpose of activating organic accel- 
erators. Therefore, in the testing of fats or oils such as cottonseed oil, 
palm oil, rapeseed oil, brown grease and other natural fats, a very 
important test is the determination of acid number. Saponification 
number is used to indicate whether diluents have been added in the 
form of mineral oils. A great many softeners are controlled by 
determining the degree of solubility in organic solvents such as benzol 
or gasoline—a general test to measure the amount of foreign material. 
Melting point or softening point is obtained by a number of methods 
and it is customary to use the test preferred by the supplier or the other 
major industries which consume the same material. 

Considerations of mixing ability, rate of vulcanization, reinforce- 
ment quality, special physical properties and personnel factors are 
the five important criteria upon which to judge pigments for use in 
rubber goods. Through development of suitable specifications cover- 
ing properties quite readily measured, it is entirely possible to obtain 
pigments of uniform quality and thereby avoid many day-to-day 
fluctuations in the manufacture and performance of rubber goods. 
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MATERIALS FOR USE IN STRUCTURAL ENGINEERING 
MODELS, WITH SPECIAL REFERENCE TO RUBBER 
COMPOUNDS 


SYNOPSIS 


=“ In this paper are discussed the present tendencies toward increased use of 
engineering models in solving structural problems. The specifications for 
materials for such models are drawn based on the similarity conditions that a 
model has to satisfy. The materials presently available are discussed as well 
as the absence of an ideal model material. 

Work is described, done in finding a material suitable for an arch dam 
model that resulted in the developing of the rubber litharge compound used in 
the models of Calderwood and Boulder dams. The advisability of developing 


new materials and the possibilities of rubber compounds are discussed. oh cad as 


} 


The maximum stress occurring under service conditions at any — 


point of an engineering structure is one of the main criteria in deter- _ 


mining the safety and adequacy of the design. Consequently the — 
determination of the stress at each point of a structure is the most 
important problem of structural engineering. If the stress can be 
determined then the structure not only can be designed safely, but 
can be so shaped that the material is properly utilized, resulting in 
an economical design. 
In structural engineering there are no exact methods by which © 
the stress of a structure can be estimated. Each method is approxi- — 


mate and one of the important problems is to determine how closely __ 


every method used or proposed approaches the actual conditions. 
In the past a most essential factor in a design method was simplicity, 


which rendered quick application possible by engineers having a es 


limited amount of theoretical knowledge. In order to accomplish 


this end, assumptions were introduced to simplify the theoretical _ 


solutions. So long as the structure or its elements are such that no 


abrupt change in conditions occurs, the stress evaluated by use of 


simplified methods may approach closely the actual stress. Abrupt _ 
change in conditions, as for instance at the points of application of | 


concentrated loads or at points of change of the cross-section, usually | ac ; 
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results in high stress that cannot be determined by the use of the 
conventional simplified methods. In the past, large divergency 
between design and actual stress was considered satisfactory, the 
safety of the structure being assured by using large safety factors. 
With the increase in magnitude of structures came the realization 
that even an excessive safety factor does not guarantee the safety 
of the structure if the design methods are crude. To prevent the 
failure of a structure, it is not sufficient to provide for a sufficiently 
_ large average safety factor but it is necessary to have as well a reason- 
able safety factor at the weakest point of the structure. 

The most modern aeronautic designs in which the saving of 
weight is of utmost importance brought out the fact that by pro- 
viding well-balanced designs even with a comparatively small safety 
factor a structure may be created which is safe and economical, so 
far as weight is concerned. This means that there are no elements 
in the structure in which the safety factor will diverge considerably 
_ from the accepted average. 

| To make a modern, safe, well-balanced and economical design, 
it is necessary to be able to evaluate the stress and strain with a degree 
of accuracy much higher than was considered necessary in the past. 
This requirement of high accuracy in design, which was first realized 
in connection with aeronautic designs, is at present becoming of 
importance in every field of structural engineering. 

The simplest method of ascertaining how close the actual con- 
ditions are to the design is, of course, to test the structure under 
service conditions after it is built. Practically such tests can in most 
cases be used only to obtain final confirmations of design method. 
If such tests were to disclose a considerable divergency in conditions 
it would be very seldom that changes could be made and the condi- 
tions improved. The present method is to make studies on models 
that can be built, tested, changed and improved with much smaller 
expenditure of time and money. 

Models—A model is a representation of a prototype which 
differs from it at least in one, but more often in many, respects. The 
most common difference is in size, the model usually being a smail- 
scale representation of the prototype. 

The testing of a model in general will disclose a behavior that is 
not identical with the behavior of the prototype. There is a certain 
relationship between the behavior of the model and that of its proto- 
type which forms a part of a set of similarity conditions. The similar- 
ity conditions cover the whole range of the model-prototype relation- 
ship and may become very complicated. In designing and building 
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a model, the main problem is to obtain the simplest possible set of 
similarity conditions consistent with the purpose and practicability 
of the model, so that from measurements made on the model the 
exact behavior of the prototype, under different service conditions, 
may be determined. A study of the similarity conditions will dis- 
close that it is impossible to obtain a theoretically correct engineering 
model by changing the prototype in one respect only. Simply build- 
ing the model as a small-scale representation of the prototype, using 
the same material or materials, will not give a theoretically exact 
engineering model. If one condition, like the scale, is changed, some 
other compensating change is necessary to retain the proper model- 
prototype relationship in behavior. 

In structural models generally a change in scale may be com- 
pensated by a change of the physical properties of the material. 
As discussed elsewhere,’ a model should be built of a material, the 
modulus of elasticity of which has definite relationship to the modulus 
of elasticity of the prototype. The most common case is that in 
which the ratio of the modulus of elasticity of the materials of the 
model and prototype at corresponding stresses is equal to the scale 
of the model. Since practically all structural models are small-scale 
models, this means that the material of the model should have a 
lower modulus of elasticity than that of the prototype. Every model 
must not only satisfy the theoretical requirements but must also be 
practical in permitting the taking of reliable measurements with 
reasonable ease. Low modulus of elasticity of the material of the 
model is probably one of the most important factors in making a 
model practical. Both theoretical and practical considerations favor 
the use of model materials of low modulus of elasticity. In many 
cases the practical considerations may be of such importance as to 
force the use of a material having a much lower modulus of elasticity 
than the theoretical consideration would require. 


It is very seldom that a model can be built that will satisfy every 
theoretical requirement. In most cases an actual model is a reason- 
able approach to the theoretical, fulfilling a larger or smaller number 
of requirements depending on the purpose of the model. In this 
uncertainity lies the danger of improper application of models. By 


An, 
IDEAL MATERIAL FOR MODELS OR ARCH Dams 


oe 


disregarding unimportant factors an entirely satisfactory model may _ 4) 


be built even if it does not fulfill all similarity requirements. By 


t Discussion by A. V. Karpov of paper by B. P. Groat, “Theory of Similarity and Models.” 


Transactions, Am. Soc. Civil Engrs., Vol. 96, p. 315 (1932), 
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disregarding even a single important requirement the model may 
become unsatisfactory even though it fulfills a number of the other 
requirements. 

The models of dams and particularly of arch dams are probably 
the most exacting so far as concerns the requirements that must be 
satisfied by a model material. A material that meets all the require- 
ments in these cases could be characterized as an ideal material for 
structural models. In order to satisfy the similarity conditions, the 
model of a dam should be loaded with water and the material of the 
model should: 

1. Have the same specific gravity as the material of the prototype. 

2. Exhibit a relationship between stress and strain within the 
range of stress to which it will be subjected, similar to the stress-_ 
strain relationship of the material of the prototype at the correspond- | - * 
ing range of stress. ba 

3. Have the same Poisson’s ratio as the material of the proto- BA = 
type at the corresponding range of stress. fo 


prototype at the corresponding range of stress. ; 
5. Have a modulus of elasticity considerably lower than shee 
material of the prototype. 
6. Have a uniform coefficient of thermal expansion. "i 
7. Have properties that will permit the material to be provided 
readily in the required shapes. mz 
In general, the material for a small-scale model of a dam could _ 
be characterized as a small-scale representation of the material of 
the prototype. This small-scale representation should have the same _ i 
specific gravity and display all the properties of the material of the 
prototype at a range of stress reduced by the scale ratio and a modulus 
of elasticity reduced by a still larger ratio. 27s otis a 


Acceptable Modifications of the Ideal Model Material: 


Depending on the purpose of the model, the material may be 
modified in certain respects. The most significant modification is 
the specific gravity requirement. In models of bulky structures 
such as dams or retaining walls in which the weight of the material 
is an important factor so far as behavior of the structure and its stress _ 
are concerned, the specific gravity requirement is of particular im- | 
portance. In a very large number of structures, such as different 
types of bridges or trusses, the weight of the material does not play 
such an important part and with models of such structures, this 
factor can be introduced if necessary simply by loading the model 
with additional weights. Under these circumstances the material 
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of the model may have a specific gravity differing from that of the 
prototype but preferably lower. 

Every structural material has a certain degree of non-uniformity. 
Some of the metals are very uniform while the bulk materials like 
concrete are much less so. In general, the model material should 
show a much higher degree of uniformity than the material of the 
prototype, particularly if strain measurements are to be made. For 
models of bulky structures the material should be uniform in all 
three directions though there may be other cases, as bridge or truss 
models, in which the uniformity is of importance only in one or in 
two directions. 

In a number of models and particularly in models of arch dams, 
it is of importance to present in the model not only the structure 
proper, but also the foundation on which it rests. The material 
used to represent the foundation in the model should be a small- 
scale representation of the actual ground. Very often the arch dam 
rests on bed rock, the elastic properties of which are similar to that 
of the concrete of the dam. In such cases, the similarity conditions 
will be reasonably satisfied if in building the model the same material 
is used to represent the foundations and the dam proper. 


ae AVAILABLE MopEL MATERIALS 


Arranging the different materials that have been used for small- 
scale structural models, in accordance with the average values of the 
modulus of , the table will result: 


MOoDULUs oF 


LB. PER SQ. IN. LB. PER CU. FT. 


Aluminum alloys 
Magnesium alloys 


Steel: 


Steel is sometimes chosen for models of steel structures. The 
ease in obtaining the material and its low price are obvious advan- 
tages. “The drawbacks are the high modulus of elasticity, the non- 
uniformity of the commercially available steel grades and the difficulty 
of building small-scale models with the very small thicknesses required 
for the individual members. Professor Beggs overcame the last 

P 
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difficulty by using thin sheets of stainless steel. A very successful 
model of the Golden Gate Bridge Tower was recently built in Princeton 


using this material and assembling the model by spot welding. i a 


Metals of Low Modulus of Elasticity: mitts 


The aluminum and magnesium alloys are probably the only 
metals in this class available at present. For those models of steel 
structures in which the specific gravity is of no concern, these alloys 

_ may be very satisfactory. The low modulus of elasticity and the 
high uniformity of the commercially available alloys are important 
advantages. However attention must be paid to the strain-stress 
relationship which for some alloys may be unsatisfactory. A very 


_ satisfactory model of a large-diameter steel pipe line was recently 
built of an aluminum alloy.! 


4 Concrete: 


Concrete was used as material for arch dam models. The high 

_ modulus of elasticity and the non-uniformity of the model material 
makes it unsuitable for small-scale models. The best known large- 
scale model is the Stevenson Creek dam which was built by the 
Engineering Foundation.? In small-scale models in order to overcome 


the drawback of the high modulus of elasticity mercury is usually 
substituted for water. That increases the Geflections but violates 
grossly the similarity conditions. 


The above table shows that after excluding wood on account of 

tt _ its non-uniformity and very pronounced directional properties, the 
_ choice of available non-synthetic materials is so limited and their 
moduli of elasticity are so high that it is necessary to make use of 
synthetic materials. In spite of the large number of such materials, 
especially the ones developed during the past few decades, the number 
- of compositions that can be used for structural models is very limited. 

_ No composition is known that could be used universally, the applica- 
“5 tion of the different compositions being limited to models for the 
‘F be study of particular problems. Practically all of the available com- 
positions fail to meet the specific gravity requirements. In the past 

a few years celluloid, glass and bakelite have grown in importance in 
Ml connection with photo-elastic stress studies. The drawback of these 
materials, in addition to insufficient specific gravity, is the non- 


; 1 Discussion by R. L. Templin and R. G. Sturm of paper by Herman Schorer, “* Design of Large 
Pipe Lines," Transactions, Am. Soc. Civil Engrs., Vol. 98, p. 154 (1933). 
2“Arch Dam Investigation,” Proceedings, Am. Soc. Civil Engrs., May, 1928, Part 3. 
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uniformity which is expressed in building up of internal stress. If 
such materials are used to build models of metal structures, their 
stress-strain relationship and pronounced plastic properties are in 
many cases highly unsatisfactory. 

Synthetic Compositions for Models of Arch Dams.—Since models 
of arch dams built of concrete proved unsatisfactory due to the high 
modulus of elasticity of the material, celluloid models were built. 
Then the next model (first model of Boulder Dam) was built using a 
mixture of Acme finishing plaster, cellite (diatomaceous earth) and 
water. After setting, the resulting material had an average modulus 
of elasticity of about 100,000 lb. per sq. in. and a specific gravity of 
about 0.7.1. The material proved nonuniform. Since this model 
was loaded with mercury the specific gravity requirement was grossly 
violated. 

The next model was built of a rubber litharge composition devel- 
oped for that particular purpose. This development was made 
possible by the cooperation of the Research Laboratory of the Good- 
year Tire and Rubber Co. and the Aluminum Research Laboratories,’ 
and will be discussed in detail. The material produced was used in a 
model of Calderwood Arch Dam and in the second model of Boulder 
Dam. The specific gravity of this material was the same as that of 
the concrete of the prototype and since the models were loaded with 
water, one of the most cardinal similarity conditions was satisfied. _ 
RECONNAISSANCE OF MATERIALS SUITABLE FOR MODELS OF 

CONCRETE DAmMs 


The material for a model of a concrete dam has to meet the 
following specifications, which are directly derived from the general 
specifications for an ideal model material: 

1. Specific gravity of 2.4. 

2. Straight line stress-strain relationship at the low stress to 

which the material of the model must be subjected. 
. Poisson’s ratio between 0.15 and 0.20. «(eater 
. Absence of directional and plastic properties. ee ede ae 
. Low and uniform modulus of elasticity. 
. Uniform coefficient of thermal expansion. 
. Properties permitting the furnishing of the material in the 
required irregular shapes. 

The range of stress to be considered is rather low. For the 

1:50 scale model of Calderwood dam, the probable stress was from 


1J. L. Savage and Ivan E. Houk, “ Model Tests Confirm Design of Hoover Dam,” Engineering 
News-Record, April 7, 1934, p. 494. 

2A. V. Karpov and R. L. Templin, ‘‘ Model of Calderwood Arch Dam,” Proceedings, Am. Soc. 
Civil Engrs., December, 1933, p. 1565. 
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For 
the 1:180 scale model of Boulder dam, the stress range will be cor- 
respondingly lower. 

On this basis, a preliminary search was made among materials 
available commercially. No material could be found that would 
satisfy the specifications entirely. Many materials can be found that 
will satisfy a single requirement of the specifications, but the number 
decreases with astounding rapidity with each additional requirement. 
The combination of the specific gravity of 2.4 and low modulus of 
elasticity precludes a large number of well-known and commercially 
available elastic materials, most of them having low moduli of elas- 
ticity accompanied by low specific gravities. 

Many of the materials developed recently having pyrozylin, 
_ cellulose, and cellulose acetate bases, and similar resin bases, have 
specific gravities much lower than 2.4 and very many of them have 
pronounced plastic properties. A few attempts were made to load 
some of these materials to the required specific gravity by using 
commercially available fillers. These attempts disclosed the fact 
that many of the materials could not be loaded at all, and in other 
cases a simple loading of such kind usually resulted in a considerable 
increase of the plastic properties and the modulus of elasticity. Bake- 
lite, which is so well known commercially, could be successfully loaded 
_ to the necessary specific gravity but had to be excluded on account 

_ of high skin stresses and the prohibitive cost of manufacturing the 
different shapes in special molds. 

Most of the usual rubber compounds have low specific gravities 
and rather uncertain elastic properties at low stress but this recon- 
naissance work showed that, although there was no satisfactory 


material available, the rubber compounds offered most promise. __ 


RESEARCH IN RUBBER COMPOUNDS 


The customary researches concerning elastic properties of rubber — 
are based on tests made in the region of high tension stresses. In 
the usual commercial investigations, the ultimate tensile stress is the 
characteristic which receives the most attention. Very little is done 
in investigating elastic properties in the region of low tensile and 
particularly compressive stress and no standard apparatus is avail- 
able for such work. It is necessary to design specimens, testing pro- 
cedure and special testing apparatus, which have been described 
elsewhere." 


1R. L. Templin and R. G. Sturm, “‘ Methods for Determining the Physical Properties of Certain 
Rubber Compounds at Low Stresses,” Proceedings, Am. Soc. Testing Mats., Vol. 31, Part II, 
p. 892 (1931). 
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The specific gravity of 2.4 was considered as a cardinal require- 
ment to be satisfied by all compounds investigated. 

In order to exclude, so far as possible, rubber compounds with 
pronounced directional properties, isotropic fillers or fillers of unknown 
isotropic properties were used and anisotropic fillers were excluded. 
Flexibility in compounding was attained by using either one or two 
fillers so that a considerable variation of the amount of fillers was 
possible in obtaining compounds of desired specific gravity. The 
next important point to be decided upon was the shape in which the 
rubber compound was to be supplied for the model. It was realized 
that it was impossible, so far as cost is concerned, to fabricate the 
material in blocks of the many irregular shapes that were necessary 
for building the model and that it would be necessary to manufacture 
the material in some uniform shape and bring it afterwards to the 
required irregular shapes. 

Two methods consistent with the present-day manufacturing 
procedure for rubber compounds were possible: The material could 
be delivered in sheets or slabs of moderate thickness or in blocks of 
larger dimensions. Considering the peculiarities of rubber manu- 
facturing, the considerable uncertainty about the possible internal 
and skin stresses and the possible non-uniform elastic properties to 
be expected in larger size rubber blocks, it was decided to have the 
material delivered in slabs of uniform thickness. This thickness was 
arbitrarily set as 1 in., which is a convenient thickness from the manu- 
facturing point of view. The possible slight variations of the thick- 
nesses of such slabs are not likely to have a pronounced influence on 
the elastic properties of the material. 

Samples for testing were supplied in the shape of slabs, cylinders, 
or disks. The slabs were of the same 1-in. thickness as the material 
to be delivered finally, and in order to prepare sample specimens to 
be used for determining the physical properties, they had to be ce- 
mented together into stacks of the necessary height and machined. 
The fabrication of such slabs and the preparation of test specimens 
required considerable time, and in order to expedite the work pre- 
liminary investigations were made on compounds in the shape of 
cylinders about 2 in. in diameter and about 6 in. long, which could be 
fabricated and machined with minimum expenditure of time and 
money. 


Directional Pro perties: 


After a number of compounds were produced, with relatively 
constant values of the modulus of elasticity and Poisson’s ratio, addi- 
tional tests were run - disclose the elastic properties in _— 
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directions. This was done by repeating the samples, fabricating 
them in sheets and machining three test cylinders for each specimen. 
The first test cylinder was made in the same way as the original 
ones, by cementing together a number of sheets and cutting out a 
cylinder with its axis at right angles to the surface of the sheets. 
Such cylinders were designated as “across the slabs” and are indicated 
on the tables and figures as “‘X.”’ 
The second test cylinder was made by cutting it outf a number 
of sheets cemented together, with the axis of the cylinder parallel to 
_ the surface of the sheets. In some of the samples that were supplied 
at the later phases of the investigation, the milling direction was 
indicated on the samples, in which cases the axis of the cylinder was 
kept parallel to the direction in which the uncured sheets were milled. 
These cylinders were designated “‘with slabs 1” and are indicated 
as “W1.” 
The third test cylinder was made by cutting it out of a number 
of sheets cemented together with the axis of the cylinder parallel to 
the surface of the sheets and at right angles to the direction in which 
_ the uncured sheets were milled. These cylinders were designated 
_ “with slabs 2” and are indicated as ‘W2.” 
When the test of directional properties disclosed that not only 
_ the majority of samples showed very pronounced directional prop- 
erties but also that some samples of the same composition and manu- 
facturing procedure showed very different physical properties, a new 
phase had to be included in the investigation concerning the possi- 
bility of satisfactory repetition of the elastic properties of similar 
samples. An important fact was brought out which probably is in 
agreement with the general experience of the rubber industry, namely, 
that in dealing with rubber compounds at high stresses, the com- 
pounds of the same composition and the usual manufacturing pro- 
cedure will show fairly similar elastic properties while in dealing with 
rubber compounds at low stresses, compounds of the same composi- 
tion and very similar manufacturing procedure may show very differ- 
ent elastic properties. The fact that some of the specimens were 
made in sheets and some in cylinders gave results that could not be 
- compared in spite of the composition, milling and curing procedures 
being the same. 
An attempt was made to eliminate the uncertainties of the 
curing process by introducing special molds with a piston attachment 
and manufacturing the specimens in the shape of disks about 6 in. in 
diameter and about 1 in. thick. In preparing the test cylinders, 


these disks were treated in the same way as the slabs. fe 
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This special mold consists of a boiler plate 14 in. thick in which 
a circular opening 6 in. in diameter was machined. Two pistons, 
} in. thick fitting in the 6 in. opening with a clearance from 0.003 to 
0.004 in. were provided to close the opening at top and bottom. The 
pistons had rounded corners of #5 in. radius. The mold and pistons 
were heated. The mold with the bottom piston fitted in was then 
placed on the lower table of a steam-heated hydraulic press and 
filled with stock, after which the upper piston was fitted and the 
pressure applied. With a number of stocks the final pressure could 
be applied immediately. For some stocks a reduced pressure had to 
be applied for a certain specified time to avoid an extrusion of the 
material between the mold and piston and only after a certain length 
of time could the pressure be raised to its final value. 

If enough stock was supplied so that the tables of the press 
could not rest on the mold, then, contrary to the customary pro- 
cedure during curing, a definite pressure was maintained ~— 
only upon the pressure developed by the hydraulic press. 


Elastic Properties of Rubber Compounds: 
The results of the original tests of the investigated rubber com- 


pounds are given in Table I, together with the composition of the 
compounds. The results of the tests to determine directional prop- 
erties are given in Table II and the results of the repeat tests in 
Table III.! Two kinds of repeat tests were made: 

1. To check the original tests; and 

2. To determine the influence of high pressures on the elastic 

properties. 

The first kind of retests was made on specimens Nos. 12, 15, 21, 22 
and 36, and the second was made on specimens 1, la, 3), 300, 34. 
The last-mentioned specimens were subjected to 5000 lb. per sq. in. 
hydrostatic pressure for a period of from 8 to 10 hr., after which they 
were again tested in the regular manner. On some of the specimens 
this treatment was repeated several times. All of the specimens 
were changed considerably except specimens Nos. 1 and la. It may 
be noted that specimen 30) tended to become more uniform with 
successive application of pressure but there still remained a wide 
discrepancy after the third application. 

The stress-strain curves for some of these compounds are shown 
in Fig. 1. These curves are drawn in the conventional way, but 
the closing line of each of these curves connects two observed points, 


1 See also discussion by A. V. Karpov and R. L. Templin of paper by H. Hencky, “The Elastic 
Behavior of Vulcanized Rubber,” Transactions, Am. Soc. Mechanical Engrs., APM 55-8 (1933). 
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the largest deformation and the permanent deformation observed 
after the removal of the loads. These closing lines show the perma- 
nent set of the compound. 

The solid lines are the strains in the axial directions and the 
dotted in the lateral directions. The ratios between these two strains 
at any of the loadings gives the corresponding values of the Poisson’s 
ratio. 

From these data it can be seen that the big majority of the 
investigated compounds display a non-linear stress-strain relation- 
ship, a considerable permanent set and very pronounced directional 
properties. Many compounds, if repeatedly fabricated, show a con- 
siderable difference in elastic properties. The most conspicuous 
exception was the rubber litharge compound designated as V1. This 
compound has a linear stress-strain relationship, a very low perma- 
nent set and a high degree of uniformity so far as directional properties 
are concerned. It can be repeatedly manufactured without any 
appreciable change in its elastic properties. The disadvantage of 


Sian _ this compound is its high value of Poisson’s ratio. 


Suggested Research in Rubber Compounds: 


Model study concerning the structural and designing problems 
in which stability is influenced to a large extent by the dead weight 


of the structure, as for instance in gravity and arch dams, lags very 


much behind other branches of engineering work. The model studies 
in this line are not made as often and to the extent that the magnitude 
and responsibility of such structures would suggest. Probably one 
of the important factors repressing these studies is the absence of a 
proper material for such models. 

The rubber litharge compound described is more satisfactory 
than any other material known at present. The problem is to find 
a material of the same general characteristics as the rubber litharge 
compound but with a lower value of the Poisson’s ratio. It seems 
that rubber compounds offer most promise in this respect. A number 
of compounds, unsatisfactory otherwise, showed a low value of Pois- 
son’s ratio, indicating possibilities in this direction. 

The present milling and curing processes introduce directional 


_ properties or exaggerate them, due to a definite orientation of the 


_ particles of the fillers. Under such conditions, the shape of the 
_ particles of the fillers influences to a large extent the directional 
properties and even the very limited number of known isotropic 
fillers will result in more or less non-uniform compounds. Following 
this line of reasoning, in order to prepare a uniform material the 
manufacturing procedure should be changed so as to eliminate the 
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undesirable influence of the milling and curing processes. Such 
changes should not only result in uniform compounds but also increase 
considerably the number of fillers that could be used. Another 
problem is the establishing of a more exact manufacturing procedure, 
so that when the same compound is repeatedly manufactured it will 
display the same elastic properties. 

Based on the work done in developing the rubber litharge com- 
pound, the following suggestions can be made: 

1. Fillers which during the curing enter in a definite chemical 
combination with the rubber are preferred. The resulting com- 
pounds would be of higher quality as compared with compounds in 
which fillers are merely mechanical admixtures. 

2. Since the Poisson’s ratio of rubber is very close to 0.5, a com- 
pound of a low Poisson’s ratio in all probability will contain fillers 
in large volumetrical proportions. 

3. The main difficulty to be overcome lies in the discovery of a 
filler or fillers which will permit heavy loading of the compound 
without impairing its elastic qualities and without introducing pro- 


nounced plastic properties. 
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Mr. H. J. Grxey' (by letter) —-This paper should constitute a 
challenge to research workers in the field of materials and especially to 
those who are affiliated with organizations which specialize in develop- 
ing and marketing new products. The keen and widespread interest 
shown in the conferences on models recently held under the auspices 
of the Society for the Promotion of Engineering Education at Cornell 
University indicates only too clearly the present trend toward increased 
uses of models as supplementary design aids for important structures. 
Not only is there a considerable demand for better materials from 
which the models of various types can be fabricated, but it is probable 
that materials found suitable for model work will develop other 
unforeseen adaptations. 

The two outstanding model studies of arch dams were started 
independently by the Aluminum Company of America under Mr. 
Karpov at Pittsburgh and by the U. S. '‘ureau of Reclamation in 
cooperation with the Engineering Foundatuon at the University of 
Colorado. In each case the first and most important aurdle to be 
surmounted was that of selecting a material suitable for the model. 

From the standpoint of model testing it can be considered fortu- 
nate that the two ventures were entirely independent of one another. 
It is equally fortunate that in the later stages the Aluminum Company 
and the Bureau of Reclamation pooled their experiences in the con- 
struction and testing of a rubber-litharge model of Boulder Dam. 

That neither the engineers of the Aluminum Company nor those 
of the Bureau of Reclamation were convinced that the material 
developed by the other was the better®* is unimportant and rather to 
be expected. The significant thing is that both materials fall far 
short of the ideal for a model of an arch dam but that in spite of this 
fact each of these two outstanding research organizations obtained 
results which its qualified experts consider to be of value. 

An account supplying the background to what has been done may 
provide something constructively suggestive to one interested in 
further developing model materials. 


1 Professor and Head of Department of Theoretical and Applied Mechanics, Iowa State College, 
Ames, Iowa. 

? Discussion by A. W. Simonds of paper by A. V. Karpov and R. L. Templin, “‘ Model of Calder- 
wood Arch Dam,” Proceedings, Am. Soc. Civil Engrs., Part I, April, 1934. 

* See Karpov’s comments on the plaster-celite material on p. 669. 
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The present paper, supplemented by the other publications cited, 
supplies in excellent detail the objective set, methods followed and 
results obtained in developing the rubber-litharge material used by 
the Aluminum Company. No such detailed narrative has been given 
for the plaster-celite material developed and used by the Bureau. 

The work of the Bureau was performed largely by Fredrik Vogt 
followed by A. W. Simonds, each of whom functioned under I. E. 
Houk, Senior Engineer, and J. L. Savage, Chief Designing Engineer. 
The writer, then located at the University of Colorado, was closely in 
touch with the work, especially in its earlier stages and must assume 
the blame for some of the suggestions which led to the evolution of 
the material finally selected. It is felt that the record should include 
mention of ventures which promised little and some of which now 
appear to have been ill-advised, as well as of those which were more 
successful or appealing, especially if such mention appears to have 
merit in pointing out what not to do. 

In the Bureau’s initial model tests, those on the model of Steven- 
son Creek Dam,}! the structure was so slender that ample deformations 
could be obtained by using mercury loading on a concrete model. 
The weight of the structure itself was a negligible factor and the fact 
that the weight of the loading liquid used was 13.6 times that of 
water while the material was of the same weight as that of the proto- 
type did not constitute a serious violation of similarity conditions. 
Concrete also sufficed to give measurable deformations in the Gibson 
model! although the matter of weight was more important. For the 
Boulder Canyon model it was apparent that a much more flexible 
material was required even with the magnified mercury loading. 
Measurable deformations (under mercury loading), elastic behavior 
under load and values of Poisson’s ratio approximating those for 
concrete were set as major requirements. 

In the preliminary reconnaissance a great many materials were 
considered, some in detail and others to be dismissed immediately. 
Among them were: rubber, celluloid, bakelite, maizolith, plastic wood, 
sulfur (melted and cast in place), leadite, asbestos-concrete, plaster of 
Paris, concrete in which chunks of rubber were used for coarse aggre- 
gate, concrete made porous by using an excess of pea gravel, etc. 

Some experiments were made involving tars and asphalts, but the 
flexibility obtained was plastic rather than elastic. Celluloid was 
somewhat stiff and had too high a value for Poisson’s ratio. Rubber 
also deforms at approximately constant volume (Poisson’s ratio about 


1J. L. Savage, I. E. Houk, H. J. Gilkey and Fredrik Vogt, ‘‘Arch Dam Investigation, Vol. II,” 
Engineering Foundation, New York City (1934). 
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‘waa and was considered unsuitable for this and other reasons. Rubber 
as aggregate in concrete was obviously unsuitable because of the 
limited deformability of the cement paste and the great deformability 
of the rubber aggregate. The excess-pea gravel porous concrete also 
proved unwholesome, being characterized by friability combined with 
little reduction in stifiness. Initial stresses, hardness and casting or 
machining difficulties characterized such materials as bakelite and 
maizolith. So much for the general reconnaissance. 

The plaster-celite mixture was evolved as a result of an interesting 
sequence which will be detailed. 

It is well known that the stiffness (modulus of elasticity) of 
concrete bears a crude relationship to its ultimate strength. The 
strength bears a definite relationship to the water-cement ratio. It 
was thought that possibly by increasing the water-cement ratio 
indefinitely the modulus could be reduced to the very low value 
desired. Experimentation on this lead resulted, of course, in a very 
lean mixture which was harsh and friable. To overcome this char- 
acteristic, celite was substituted for sand. The resulting mixtures 
were fat and workable, but the great predominance of very fine material 
produced cracking from excess shrinkage in curing and drying. At 
this stage it was recalled that many plasters do not shrink in harden- 
_ ing; in fact, some dental plasters swell. Plaster of Paris, both alone 
and mixed with portland cement, had previously been tried and found 
_ to be too stiff. In the light of these experiences, it was natural and 
logical to substitute plaster for cement and to experiment further 
_ with the celite. Before the final selection was made, extensive 
experimentation was conducted upon many varieties of plaster and 
upon the relative proportions of the three ingredients. During the 
elimination stages, many miniature beams about } by 1 in. in cross- 
section and about a foot long were made and tested in flexure for 
stiffness, strength and elastic behavior. For the more promising 
mixtures, larger beams 3 by 3 by 40 in. were made and tested for 
strength, stiffness, elastic behavior and volume change (as indicated 
by changes in length). Stress-strain relationships were determined 
in compression, flexure, torsion and tension for large numbers of 
specimens, both before and during the construction of the model. In 
% _ fact, one of the advantages of being able to use a material molded in 
_ place was the ease of maintaining close job control by taking as many 
7 ie as desired from each pouring. 

An unforeseen problem arose, the importance of which proved to 
be second only to the selection of the material for the model. Plaster 
of Paris castings behave elastically when thoroughly dried out, but 


a 
— 
‘ 
4 
q 
j 
| 
it 
thie 
i 
Ni 
| 
7% 
} 
‘ 
| 
| 


are plastic if free moisture is present. The pouring of the relatively 
massive Boulder Dam model in stages that made a thorough drying 
out possible, without resoaking as another layer was added, called for 
much additional experimentation and ingenuity on the part of the 
Bureau staff. 

The important fact is that a definite need existed and that it was 
finally met, not by a direct and predetermined technique but rather 
by a process of running down successive leads and solving a series of 
problems. At no stage was it expected that all the similarity condi- 
tions could be met. For mercury loading the required weight of 
material would be more than a ton per cubic foot. Obviously no 
such material was or is in prospect. The plaster-celite mixture at 
less than one-third the weight of concrete aggravates the difference 
but even iron would have had less than one-fourth the weight 
required. 

The Bureau found it possible to bring the plaster-celite mixture 
to the weight of concrete by using bird shot in the mixture. When 
this was done, there was a surprising uniformity of shot distribution 
in spite of the very fluid mixture employed. The presence of the shot 
increased the stiffness somewhat, however, and since even trebling 
the weight to equal that of concrete still fell far short of the weight 
needed to meet the conditions of similitude it was decided not to load 
the material with the shot. In all of the Bureau’s model testing, 
weight has been the condition purposely violated and of which account 
has had to be taken mathematically or by supplementary 
experimentation.' 

It « :* a fortunate coincidence that Poisson’s ratio for the plaster- 
celite material was identical with that of concrete. The material 
developed and used resembled concrete in several important respects, 
proved to be satisfactorily uniform, and served its purpose admirably. 

Thus, in spite of the unmet need for materials suitable for con- 
structing models of arch dams, two important contemporaneous proj- 
ects were carried to completion and two widely different materials 
were developed and used. These two types of model material will 
doubtless serve as starting points for some of the future investigational 
work that is sure to be done in an attempt to register further progress. 
It is hoped, also, that the author’s and the writer’s descriptions of 
how the respective materials were evolved may contain something of 
benefit to others entering the field. Great credit is due Mr. Karpov 


1 In some recent supplementary tests the Bureau has introduced forces to simulate weight in a 
very ingenious manner. 

2E. D. Smith and E. O. Bergman point out that the matter of weight is relatively unimportant, 
see Proceedings, Am. Soc. Civil Engrs., September, 1934, pp. 1025, 1030. 
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and his co-workers and the staff of the Bureau of Reclamation for 
the able and ingenious manner in which acceptable solutions were 
found for the bafiling supplementary problems encountered. Each 
organization is entitled to a justifiable pride in its accomplishments. 
Nevertheless, there remain great opportunities for improvement by 
qualified workers whose specialty it is to develop and market materials 
designed to meet specific needs. 

Mr. Ivan E. Hovk! (by letter) —The author has contributed a 
valuable discussion on the subject of materials for structural engineer- 
ing models. However, the writer does not agree with some of his 
statements, particularly as regards similarity requirements, loading 

methods, and most promising materials for use in models of arch dams. 

In the case of engineering models, built for the purpose of study- 


constructed with elastic materials, the writer believes that the most 
important requirement of the model material is that it be uniformly 
elastic in all directions, so that its action under varying load condi- 
tions can be studied by means of mathematical formulas based on 
_ the theory of elasticity. It is not sufficient to measure strains in a 
- model and apply a constant multiplier to predict stresses in the 
prototype, even if the procedure is found to check, or can be made to 
‘check, in one or two isolated instances. The investigator must study 
the fundamental scientific principles involved in the action of both 
_ model and prototype, so that he can safely predict the changes in 
stress magnitude and distribution to be anpecten as a result of possible 
changes in design. 

The requirement that Poisson’s ratio be the same for both model 
and prototype materials probably ranks next in importance to the 
elasticity requirement. Effects of small differences in Poisson’s ratio 
_ can be included as a step in the mathematical analysis of the structure, 
but large differences may introduce undesirable complications not 
susceptible of accurate analysis. 

As regards model tests of arch dams the writer does not consider 
the specific gravity factor to be important, either from the standpoint 
of verifying technical design methods or from the standpoint of 
making direct predictions of prototype action, unless serious cracking 
- occurs and unless the total cantilever stresses, including both dead 
and live load effects, are accurately measured in both model and 

prototype, a procedure which is extremely difficult to follow in the 
ease of the prototype. If only live load effects are being investigated, 
and cracking does not occur, the specific gravity of the model material 


! Senior Engineer, U. S. Bureau of Reclamation, Denver, Colo. Lie a 
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is not important and the specific gravity of the loading liquid, if 
different from unity, can be properly considered in reducing the 
observe tions. 

The specification of a low modulus of elasticity for the material 
used in the model construction is important only to the extent that 
the model strains and deflections be measurable with readily obtain- 
able laboratory equipment. The writer believes that the modulus 
of elasticity of the litharge-rubber material, developed by the author 
in connection with his work on Calderwood Dam, is entirely too low 
to be satisfactory in model tests of arch dams. He believes that 
serious complicating factors of a detrimental nature are introduced in 
the tests of litharge-rubber models due to the extreme flexibility of 
the material and the accompanying volume changes which take place 
when the loads are applied. 

The Bureau of Reclamation, in its model tests of the Stevenson 
Creek and Gibson dams, conducted at the University of Colorado, 
Boulder, Colorado, in cooperation with the Engineering Foundation 
Arch Dam Committee, found concrete models, loaded with mercury, 
to be entirely satisfactory from the standpoint of investigating design 
methods.' In fact, the tests of the Stevenson Creek model were also 
satisfactory from the standpoint of direct similarity comparisons, 
inasmuch as the increased stresses caused by the mercury load pro- 
duced cracks in the model very similar to those in the prototype. 
However, in developing plans for model tests of Boulder Dam it was 
found that owing to the unprecedented size of the prototype a material 
with a much lower modulus of elasticity than concrete would be neces- 
sary, even though the models were to be loaded with mercury and 
the deformations measured with extremely sensitive optical strain 
gages. After a lengthy laboratory investigation of all available 
materials, a plaster-celite mixture was developed which was found 
to be uniformly elastic in all directions, to have a sufficiently low 
modulus of elasticity, and to have a Poisson’s ratio almost identical 
with that*of concrete. In other words, the material was found to 
fulfil, in an entirely satisfactory manner, the two most important 
similarity requirements for model tests of arch dams. 

A 1:240 scale model of Boulder Dam was built of the plaster- 
celite material in the spring of 1931, and was subsequently subjected 
to more than 1300 mercury loads, to a prolonged mercury load flow 


test, and to an extremely severe temperature test, the last being _ 


made by circulating dry ice vapor along the faces of the model. The 
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1 Engineering Foundation Arch Dam Investigation, Report by Committee, Vol. IT, May, 1934, 7 
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model was found to operate satisfactorily throughout the entire 
program. The results were found to demonstrate the safety and 
adequacy of the curved-gravity Boulder Dam design, to verify the 
trial load method of analyzing the action of curved dams, and to 
supply a wealth of detailed technical information needed in analytical 
studies of arch dam design. A brief account of the work, including 
some of the more important results obtained, was published in Engi- 
neering News-Record about two years ago.' 

After the work on the plaster-celite model was finished it was 
decided to build a new model, using an entirely different material 
in order to secure an independent check on the results of the plaster- 
celite tests. Celluloid and hard rubber were the materials first 
considered, but both were rejected because of manufacturing diffi- 
culties encountered in securing homogeneity in the thicknesses re- 
quired. It was then decided to use the litharge-rubber compound 
developed by the Aluminum Company of America. Accordingly a 
supply of litharge-rubber sheets, 1 in. thick, was purchased from an 
eastern rubber company, under practically the same specifications 
used by the Aluminum Company of America in securing materials 
_ for their model of Calderwood Dam. A 1:180 scale model of Boulder 
Dam was built of this material in the winter of 1932 and 1933. This 
model was subjected to approximately 950 water loads, to a continued 
water load flow test, and to a severe temperature test, the last being 
_ made by cooling and heating the reservoir water. ‘The results of the 
rubber model investigations checked very closely with the results of 
the plaster-celite model studies, making proper allowances for differ- 
- ences in physical properties of the two materials, differences in specific 
_ gravity of the loading liquids, and differences in depths of supple- 
_ mentary foundations and abutments. 

As a result of his experience with the two models of Boulder Dam 
the writer does not consider the soft rubber material to be nearly as 
_ satisfactory a material for use in model tests of arch dams as the 
_ plaster-celite material. The rubber, although elastic, is not uni- 

‘ormly elastic in all directions, the moduli of elasticity in the three 
_ directions normal to the faces of the test specimens varying as much 

as 30 per cent due to differences in the grain of the rubber. Conse- 
quently the litharge-rubber material does not satisfy the most im- 
- portant similarity requirement. Moreover, the relatively highYand 
variable Poisson’s ratio of the rubber, approximately 0.33 to 0.62 in 
the different directions, averaging about 0.50, violates the next most 


“me 


1 J. L. Savage and I. E. Houk, “*‘ Model Tests Confirm Design of Hoover Dam," Engineering News- 
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important similarity requirement. A third disadvantage of the rubber 
material is its variable coefficient of thermal expansion, different tests 
showing values ranging from 0.000060 to 0.000090, a total range of 
50 per cent. None of these objections can be raised in the case of the 
plaster-celite material. 

In the writer’s opinion the only advantage of the soft rubber 
material over the plaster-celite material, for use in building models 
of arch dams, is that in the case of rubber models the loading liquid 
can be placed directly against the upstream face of the model and 
strains measured at the upstream face by observations made through 
the loading liquid. In the case of plaster-celite models water or 
mercury loads must be applied in a rubber bag, held against the 
upstream face by a close-fitting bulkhead form. With such a loading 
arrangement it is hardly feasible to secure satisfactory strain measure- 
ments at the upstream face of the model. 

The modulus of elasticity is much lower for the litharge-rubber 
material than for the plaster-celite material. However, it is low 
enough in the latter case that strains and deflections can easily be 
measured with readily obtainable laboratory equipment. 

One disadvantage of the plaster-celite material is that the model 
must be built in comparatively thin layers and each layer thoroughly 
dried before the next is poured. Although this naturally slows up 
the construction of the model, the total time required for the building 
operations is not appreciably greater than in the case of a litharge- 
rubber model of equal dimensions. 

Although the plaster-celite material is not ideal, the writer 
believes it is by far the best material thus far developed for use in 
modei tests of arch dams. He believes that future researches of 
model materials for use in building models of dams should be con- 
ducted with plaster mixtures rather than with rubber compounds. 

Mr. R.W.Cartson' (by letter) —The author has directed attention 
to an important problem. The designer of a model finds early in his 
studies that the requirements for exact similitude are so strict that 
often he must either sacrifice exactness or abandon the model. If 
he departs too far from exactness, there may be greater uncertainty 
in the model results than in results obtained analytically. However, 


he should not strive for exactness in those details which do not affect 


the behavior of the model. 

The density of material in a model may or may not be important. 
For example, if the model of a dam is to be constructed as an elastic 
unit with no joints to open and with equal moduli of elasticity in 


1 Research Enyineer, Engineering Materials Laboratory, University of California, Berkeley, Calif. 
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tension and compression, the density enters into the measurements 
only when dead load stresses are investigated. For live load, the 
weight of the model exerts substantially the same influence after 
loading as before and therefore does not affect the measurements. If 
however, an attempt is made to employ the model in determining 
dead load stresses, the density must be considered. 

The density of the model material becomes most important in 
the case where a structure cannot be guaranteed to carry tensile stress 
across joints. In such a case, if the weight of the model bears the 
correct relation to that of the loading liquid, the model can be em- 
ployed to demonstrate the effect of opening of joints where tension 
tends to develop. As a joint opens, the liquid enters and exerts its 

_ proportionate pressure only when densities are in correct proportion. 
The heavy rubber compounds developed by the author offer possi- 
bilities for such important studies, especially in connection with dams. 
The effort to obtain such compounds with more uniform properties 

_ and with a lower Poisson’s ratio should be continued. 

Mr. H. A. Depew! (by letter).—Rubber has proved so nearly an 
ideal material for the construction of model dams that rather than 
seek new materials I would favor improving the rubber. The first 

_ thought was that because of the deviation in Poisson’s ratio, acicular 

_ zine oxide would be a desirable compounding ingredient. However, 
when it was realized that the properties must be the same in all 
7 _ directions, the fallacy of this consideration was evident. It would 
seem that a microporosity of the rubber would be desirable so that 
as work is done on the face of the rubber dam, the energy is partly 
absorbed in compressing the porous rubber, and it would partly be 
utilized in distorting it. 

It might be that suitable microporous products would be obtained 

_by using the general methods that had been developed in Latex 
compounding. 

A Mr. A. V. Karpov? (author’s closure by letter). —It is very gratify- 
ing that the discussion of the paper brought out so clearly the two 

. a different viewpoints with respect to models of arch dams. Mr. Gilkey’s 

_ discussion gives a well-balanced opinion on the use of the plaster-celite 

_ material and the rubber-litharge compound. The history of the devel- 

_ opment of the plaster-celite material had not been given before and 

hence is of much interest. 

Mr. Houk deserves great credit for the early stages of the use of 

models in designing arch dams, and in so far as plaster-celite models 
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1 Research Chemist, American Zinc Sales Co., Columbus, Ohio. 
3 Designing Engineer, Aluminum Company of America, Pittsburgh, Pa. 
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are concerned his discussion is the first attempt to present this material 
for free discussions. This should be much appreciated by the profes- 
sion at large. Nevertheless, it would seem that the available informa- 
tion concerning the use of plaster-celite is still of a very general nature 
and from his discussion one would conclude that this material is more 
uniform than the rubber-litharge. However, additional positive data 
on the subject would be necessary to reach a conclusion as to the 
superior merit of the plaster-celite model. 

In so far as the rubber-litharge compound is concerned, the 
accompanying Table I gives comparative data on the material used 
in the Calderwood and Boulder models. Specimens of the material 
used in each model were tested in the Aluminum Research Laboratories 
in New Kensington, Pa., under identical conditions and using the 


TABLE I.—COMPARATIVE TABLE OF PROPERTIES OF THE RUBBER-LITHARGE CoM- 
POUND USED IN BUILDING CALDERWOOD AND BOULDER MODELS. 


Modulus of 
Elasticity, B, 
Ib. per sq. in. 
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same testing procedure referred to in the paper. The stress-strain 
curves in each case have the straight line shape so characteristic of this 
rubber compound and repeated tests showed that after the expiration 
of one year there was practically no aging effect on the Calderwood 
material. 

The Boulder model rubber-litharge compound has a lower modulus 


of elasticity than the compound used in the Calderwood model. This 


fact was known in the early stages of the manufacture of the Boulder 
dam model raaterial but it was not then considered objectionable. One 
of the advantages of rubber compounds is the fact that the modulus | 
of-elasticity can be increased or decreased as desired by changing the | 
manufacturing procedure. 

In-so far as the uniformity of the material is concerned, a +15 
per cent variation of the modulus of elasticity from the average modu- 
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lus should be considered fairly satisfactory. The accompanying Table 
I also shows that the values of Poisson’s ratio in three directions are 
practically the same, that is, varying between 0.50 and 0.53 in the 
Boulder model material. It would be interesting to know if equal or 
better uniformity can be obtained in the cast plaster-celite material 
when properly tested. It also would be of considerable interest to 
know the shape of the stress-strain curve of the plaster-celite material. 
Unfortunately this important characteristic was not stated. 

There is, of course, to be kept in mind, that for a pre-fabricated 
stable material, like the rubber-litharge compound, it is rather simple 
to determine its properties by testing a sufficient number of specimens. 
The conditions are more complicated in the case of a cast material of 
such elastically unstable character as plaster-celite. As was developed 
in the discussion, the elastic properties of this material undergo changes, 
after casting and drying, unless the material is kept continuously dry. 
Changes in the humidity and temperature of the air probably also 
affect these properties. Under such conditions it would seem that a 
reliable method would be to cut a sufficient number of specimens from 
the model itself, distributing the cuts throughout its entire body and 
testing them in three directions under different but strictly controlled 
conditions of humidity and temperature. Any conclusion based upon 
tests made in only one direction and on small specimens cast sepa- 
rately from the model may be misleading. The comparison of the 
results of tests made on two kinds of specimens, one kind cast 
separately from the model during its construction and the other cut 
from the model, after the testing program is concluded, should give 
a proper engineering conception of the uniformity of the material and 
the influence of aging. This aging factor in the plaster-celite material 
may be of considerable importance. 

The author disagrees with Mr. Houk’s statement that it is ex- 
tremely difficult to measure on the prototype the total stress, including 
both dead and live load effects. It is not only simpler, but much more 
reliable results are obtained by measuring the total stress in the pro- 
totype rather than the live load stress only, as described elsewhere.! 

The author cannot reconcile the following statements by Mr. 
-Houk: first, that the effect of small differences in Poisson’s ratio can 
be included as a step in the mathematical analysis of the structure but 
large differences cannot be included; and second, that the results of 
tests on both models checked very closely after making necessary 


‘A. V. Karpov and R. L. Templin, “* Model of Calderwood Arch Dam,” Proceedings, Am. Soc. 
Civil Engrs., December, 1933, p. 1598 
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plaster-celite model is superior. These statements apparently are 
based upon his own intimate knowledge of the subject but, unfortu- 
nately, he does not give data to sustain this conclusion. The deforma- 
tions of the foundations and abutments have a very important bearing 
on the behavior of an arch dam. In the plaster-celite model these 
conditions could not be properly represented but were represented in 
the rubber-litharge model. Therefore, it would seem that in order to 
have the test results on both models agree, a number of assumptions 
must be introduced with reference to the plaster-celite model. Con- 
sidering the ultimate purpose of a model, a fair conclusion would 
seem to be that both models at least are equally satisfactory, provided 
the results of tests on both of them are in close agreement. 

The author is in complete agreement with Mr. Houk’s statement 
that ‘‘The investigator must study the fundamental scientific princi- 
ples involved in the action of both model and prototype, so that he can 
safely predict the changes in stress magnitude and distribution to be 
expected as a result of possible changes in design,” —which means that 
a proper engineering model is necessary. There seems to be a radical 
difference in opinion as to what is an engineering model, and this leads 
to the different kinds of models advocated by Mr. Houk and by the 
author. Apparently Mr. Houk considers a model to be satisfactory 
even if there is no definite and simple relationship between the 
behavior of the model and prototype. He holds that from such 
model proof may be obtained regarding some of the design assump- 
tions, and that the behavior of the prototype can be predicted by 
the application of such theoretical assumptions that apparently are 
proved by the model test. If this view, which has often been taken in 
the past, be correct, the design of models would be very much simpli- 
fied and it would not be necessary to fulfill the majority of the 
similarity conditions and even the model itself need not necessarily 
be a scalar representation of the prototype. 

On the contrary, the author considers such a point of view to be 
incompatible with the advanced stress and design ideas. The only 
reason for building a model is that the general engineering knowledge 
of the behavior of the actual structure is limited and consequently 
many of the design assumptions are incorrect. The building of a 
model whose behavior bears no direct and simple relation to that of 
the prototype, means the substitution of one more-or-less arbitrary 
set of assumptions for another, leaving open the question as to which 
one of these two sets is the more satisfactory. The entire and only 
raison d’étre of the similarity conditions is that instead of pyramiding 
one set of assumptions upon another, they make possible the build- 
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ing of a model whose behavior will have a natural relation to that of 
the prototype without the necessity of making arbitrary assumptions. 
In every branch of modern engineering, successful progressive 


and accurate knowledge be used. A statement is made in the discussion 
that if only live load effects are investigated and cracking does not 
occur, the specific gravity of the model material is not important. 
Although not expressed directly, that statement apparently is based 
on some premise, such as the assumption that the increment of stress 
after the application of live load is due only to live load. Even under 
the present limited knowledge, any such premise should be challenged 
_ because after the live load is applied, the increment of stress is due at 
least to three factors: first, the applied live load; second, the redis- 
tribution of the dead load stress; and third, the influence of the founda- 
tions, abutments and joints. Since no indication is available as to how 
each of these factors influences the total results, no proper conclusions 
can be drawn from a model which has improper specific gravity ratio. 
This is also the only point on which the author disagrees with Mr. 
Carlson’s discussion, all other points of which are well taken. 

To Mr. Depew’s discussion the author would add that zinc oxide 
seems to offer good promise and it is possible that the problem may be 
_ solved by adding some ingredient in addition to zinc oxide. There is 
some reluctance in using porous materials for models where strain 
measurements are to be made between closely spaced gage points. 

In conclusion, in order to make plain the difference between 
Poisson’s ratio versus the specific gravity requirement, the author 
desires to make the following statement: 

The mercury loaded plaster-celite model has only 2 per cent of 
the required weight, neglects the representation of foundations, abut- 
ments and joints, and behaves radically different from the prototype; 
the prediction of the behavior of the prototype can be made only by 
way of evaluating it on the basis of arbitrary assumptions. No amount 
of improvement of the material can make a mercury-loaded plaster- 
celite model meet the requirements of an engineering model. 

The water loaded rubber-litharge model, whose only important 
_ deficiency is in Poisson’s ratio, behaves substantially as the prototype, 
_ the difference in behavior being of the order of secondary corrections. 
Further improvement in the material should make the behavior of this 
type of model such as to eliminate the necessity even of secondary 
corrections and make it a true engineering model. Ee SS 
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SUBGRADE SOIL TESTING METHODS 


C. A. aNnp E. A. 


The degree to which a given soil material exhibits the basic properties of 
stability, compressibility, elasticity, permeability, and capillarity varies with 
changes in moisture content, compaction and amount of disturbance from its 
natural structure. This necessitates the selection of a testing procedure 
designed to measure the controlling physical properties throughout the range 
of conditions which will obtain and for the particular part which the soil is to 
play in the engineering structure. 

A great variety of tests may be utilized in the different phases of highway 
construction. Generally, however, the soils are disturbed and are close enough 
to the surface to be influenced by climatic changes. They are tested in a dried 
and powdered state for shrinkage, plasticity, etc., to disclose the characteristics 
of the soil constituents exclusive of soil structure. 

Arbitrary procedures are used to determine the moisture contents at 
significant states of consistency. These moisture contents, or constants, are 
directly related to density, volume change, shear resistance and supporting 
power. The range in constants and the interrelationships between the con- 
stants furnish a means of measuring the physical properties of soils and for 
disclosing characterizing soil constituents such as sand, silt, clay, colloids, mica, 
diatoms, peat, the flocculating limes and the deflocculating sodas which may 
be present in a mixture. Surveys, investigations and experience have shown 
these constituents to have a marked influence upon the construction and 
maintenance of road surfaces. 

Based upon constituent materials, physical properties and performance, 
uniform subgrades are tentatively classified into eight groups, identified by 
definite test limits and requiring different design features in roads laid thereon. 


A INTRODUCTION 


The U. S. Bureau of Public Roads has investigated extensively 
the influence of soils on highway construction. Among the important 
contributors are such organizations as the U. S. Bureau of Chemistry 
and Soils, Massachusetts Institute of Technology, Ohio State Univer- 
sity, University of South Carolina, Iowa State College; the State 
Highway departments of Oregon, Maryland, Virginia, Michigan, 
Pennsylvania, Ohio, New Hampshire, Missouri, Minnesota, Iowa, 
Kansas and Texas; and the following individuals: Henry Shirley, 
C. M. Upham, F. H. Eno, R. W. Crum, H. F. Clemmer, A. C. Rose, 


1 Senior Highway Engineer, and Assistant Highway Engineer, respectively, U. S. Bureau of Public 
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LB. Mullis, Charles Terzaghi, Stephen Taber, Victor Burton, N c. 
Benkelman, W. I. Watkins, Arthur Casagrande, and Glennon Gilboy. 
Reports describing the progress of the work are referred to by 
boldface numbers in parentheses and listed in the appended list of 
_references.!. They indicate that the location, the design, and other 
essential features of highway construction, are in some measure 
_ dependent upon the character of the subgrade soil. The practica- 
_ bility of subgrade studies is indicated by a survey made in 1932 by 
Division 1 of the Committee on Materials of the American Association 


Fic. 1.—Textural Classification Chart for Subgrade Soils. 


_ of State Highway Officials. This survey indicated that 26 states rely 
in varying degrees on subgrade properties as determining factors in 
the design of roads and pavements, 13 of which have laboratories 
equipped to perform all routine tests suggested by the U. S. Bureau 
of Public Roads. The number with well- soil laboratories 


Soil occurs in the earth’s crust as a series of differently weathered 
“soil profile.” Soils of a profile, graded by 
mechanical analysis are designated as sands, bg te loams, silt ime, 
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etc. Sandy materials are described as “light-textured” and clays 
as “heavy textured” soils. Figure 1, developed by A. C. Rose of the 
U. S. Bureau of Public Roads, shows the mechanical grading of the 
various designations of texture. 

Profiles developed under the same climatological environment 
belong to the same soil series. The different series are designated by 
such names as Chesterfield, Putnam, Berks, Susquehanna, etc. 

In well-drained soils of the humid regions-the profile consists of 
a light-textured upper layer designated by the agronomist as the 
“A” horizon underlaid by a heavier-textured layer known as the 


Ae 
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Fic. 2.—-Profile of Iredell Silt Loam Showing (1) Lighter-Textured Upper Soil 
Layer, (2) Heavy, Plastic, Sticky, Waxy Clay, and (3) Decomposed Rock. 


> 


“B” horizon. A still lower third layer of unweathered or incom- 
pletely weathered geological formation is known as the “C”’ horizon 
or parent material. Each horizon or layer may be subdivided, as 
Ai, As, Bi, Be, etc. For engineering purposes, the various layers 
may be numbered consecutively from the top down, as shown in 
Fig. 2, without reference to horizonq).! 


— 


Properties of the Same Soil Material May Vary Widely: 

During rains and thaws, moisture enters the soil by gravity and 
forms the ground water which feeds wells and springs. Surface 
tension, independent of gravity, maintains a moistened layer, termed 
the “capillary fringe’ (2), above the water table. During dry weather, 


1 The boldface numbers in parentheses refer to the reports and papers given in the list of references 
appended to this paper, see p. 725. 
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moisture escapes from the surface of the ground by evaporation. 
Soils swell when moisture enters and shrink when it escapes. They 
_ heave during frost and lose stability in subsequent thawse,4). Thus 
a to a depth affected by weather conditions, soils are continually chang- 

i _ ing in properties related to moisture content. 
_ Then, too, the same soil material changes character when dis- 
__ turbed in place, whether above or below the line of seasonal variation; 
and when consolidated or otherwise manipulated after removal from 
its place in the soil profile. Eno found change in moisture content 


Fic. 3.—Photomicrograph of Loess Soil Particles (XX 20). 


ty up to 124 per cent of the weight of solids due to climatic changes\s). 
_ Casagrande reduced the bearing value to as little as one-fifth by re- 
molding a sample of natural clay without changing the moisture 
contents). Terzaghi decreased the permeability to 1/75,000 by 
_ disturbing the natural structure of soil from Spanish Hondurasv). 
_ Saturated samples resisted slaking indefinitely, at the laboratory of 
the Bureau of Public Roads, while dry samples of the same soils 

disintegrated quickly when immersed in water;s). 
Loess illustrates the effect of disturbance excellently. The nat- 
ural structure resists erosion sufficiently to remain almost vertical in 
_ cut slopes indefinitely. As subgrade, however, this soil loses stability 
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readily by manipulation in the presence of moisture. According to 
Pirsson and Schucherti), slender vertical tubes, shown broken in 
Fig. 3, account for the high vertical cleavage. They result from the 
decay of stems and roots and grasses, growing and buried when suc- 
cessive deposits were forming from dust clouds carried by the wind. 
Thus soil does not have well-defined and fairly constant proper- 
ties like other construction materials, such as concrete, steel, brick 
and wood. Also, foundation soils react differently from other struc- 
tures to load. Bridges and buildings fail abruptly when stressed 
beyond the strength of constituent materials and consequently are 


BEFORE LOADING REMOVED 


designed for safe bearing load. Soils, however, present a different 
problem. With exceptions, as in the design of earthen dams, the 
prevention of landslides, etc., abrupt failure is not to be anticipated 
and resistance to rupture is not an important consideration. Instead, 
heaving or settlement may damage structures supported by the soil 
when certain allowable limits are exceeded. 

Therefore footings are designed for the allowable load, designated 
by the allowable limit of deflection on the stress-strain diagram, 
instead of the safe bearing load based on the rupturing strength of the 
soil. Those below the line of seasonal change are designed for deflec- 
tions produced entirely by load. For foundations above this line, 
settlement and heave due to causes independent of load are also 
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Basic PROPERTIES 


Settlements of soil due to load are caused by the three phenomena 
—lateral flow, compression, and elasticity—acting individually or in 
-some combination. In lateral flow (see Fig. 4) the soil, without change 
_in moisture content, squeezes out from beneath the load and causes a 
bulge in the surface adjacent to the load. This deformation remains 
when the load is removed. The resistance to lateral flow, defined as 
_ stability, represents the combined effect of internal friction, or the 
resistance of soil grains to sliding; and cohesion, the attraction between 
_ soil particlesao). Minute moisture films connecting the soil particles, 
_ supplemented by possible natural stickiness of colloids, furnish the 
cohesion. 

Compression (Fig. 4) is due entirely to decrease of the porosity 


of the soil immediately beneath the load. Much of the deformation 
in this case is also permanent. In elasticity (Fig. 4) the soil displaces 


laterally under the load in a jelly-like manner without change in 
_ porosity, but rebounds upon removal of the load. 

The ultimate porosity to which soils compress under load depends 
upon their capillary properties, and the rate at which they compress 

_ depends upon their permeability(s). 

. Permeability also determines the speed at which the water table 
rises and falls with alternating wet and dry weather. The height of 
capillary rise which determines the thickness of the capillary fringe 


indicates the extent to which soils shrink and swell with changing 


_ moisture conditions. The speed of capillary rise determines the rate 
_ at which shrinkage and swell occur and the extent to which soils 
_ heave due to frost. 

5 Stability, compressibility, elasticity, permeability and capillarity 

then are the five physical propertiesis) which, for engineering purposes, 


control the performance of soil. 


Types or Sor TEsts 
Tests to disclose the physical characteristics responsible for all 


_ deformations of soil regardless of causes are of four kinds, as follows: 


1. Disturbed soils and those close enough to the surface of the 
ground to be influenced by change of moisture, temperature, frost, 
etc., are tested in a dried and powdered state for shrinkage, plasticity 
and similar properties, which disclose the characteristics of the soil 
constituents exclusive of soil structure. 

2. Soils to be stabilized with admixtures or manipulation in 
practice are tested in samples prepared according to the construction 


_ procedure for properties required in stable fills, subgrades and road 


surfaces. 
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3. Soils located below the line of seasonal change are tested by 
means of undisturbed samples in the laboratory or loading the soil in 
place in the profile for such engineering properties as compressibility, 
elasticity and stability which are furnished by both soil structure and 
soil materials. 

4. Soils located below the line of seasonal change, whose structure 
is disturbed by the penetration of piles or other construction operations, 
are investigated by loading test piles in place or samples remolded 


= 


Fic. 5.—TIllustrating Voids and Solids in the Soil Mass. 


Voids ratio, e = — =— = 1.5 

Vs 1.0 
Volume of soil mass per unit of solid volume, V = 1 +e = 1.0 +1.5 = $4265... 

exX1.0 100 150 

Moisture content, w, required to fill the voids = 1OXG 100 = “—- = 771 = 55.4 percent 


from natural structure and at natural moisture content in the 


laboratory. 
Routine Subgrade Tests Disclose Properties of Soil Material: 


Tests of all groups may be utilized in the different phases of 
highway construction. However, only a few have reached the state 
of development and practical use warranting their publication as 
tentative standards. They belong to the first group and cover the 
tests for plasticity, shrinkage and moisture equivalent, which, sup- 
plemented by the mechanical analysis, are used in the routine exami- 
nation of (a) subgrade soils; (b) soil material in mud jack operations, 
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as binder in sand-clay or gravel roads, or as filler in inwsitaiie road 
surfacing; (c) special surfacing materials such as limerock, caliche 

and shale; and (d) admixtures such as rock powders, diatomaceous 
earths and bentonite, which may assist in the stabilization of soil 
road surfaces. 

The routine physical tests are not suited for materials containing 
particles larger than about 0.5 mm. or 0.02 in. in diameter. In practice 
they are performed upon the fraction passing the No. 40 sieve. The 
results are referred to as soil constants. The mechanical analysis is 
made of the fraction passing the No. 10 sieve. 

To assist in explaining the significance of the routine tests, the 
flocculation test«1), the compression testqz2), the flow curves) and the 
specific gravity determination are also briefly discussed. Additional 
tests of the first group which have been described in other reports 
are for slaking valueqa), bearing value of unconfined samplesqa), dye 
adsorption) and capillary rise. 

In the routine testing procedure, soil is assumed to consist of 
solids of constant volume and pores which enlarge or shrink when the 
mass changes volume (see Fig. 5 (a)). The density is indicated by the 
terms “voids ratio” and “moisture content’’s). The voids ratio, e 
(see Fig. 5 (b)), is the ratio of the void or pore volume to that of the 
solids. The moisture content, w, is the weight of moisture expressed 
as a percentage of the weight of dried solids. zm 

In completely saturated soils, when G = the specific gravity, — 


This is because 


cubic centimeters of water grams of water 
= 
nies cubic centimeters of solids grams of solids 


x 100 


One cubic centimeter of water weighs 1 g. and 1 cu. cm. of solids 
== G g. 
—, 
cubic centimeters of water 
~ G X cubic centimeters of solids 


oo aad When G = 2.71 as in the case of the muck soil, sample No. 8170, 
ee used for illustrative purposes in the following discussion, 
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TESTING METHODS © 


BGRADE SOIL 


Test Results Indicate Density of Soils at Different Consistencies: 

The significance of the routine soil test results may be excellently 
depicted by the performance of earth layers beginning when the soil 
particles first settle out of suspension, continuing while the sediments 
thus formed are drying or are being otherwise consolidated to constant 
weight and concluding with the rewetting of the dried soil. 

During sedimentation, consolidation and shrinkage, some soil 
materials, such as sand, change but little, while others, like the 
colloidal clays, change enormously in density as well as stability and 
compressibility, which are mathematically related to d 


EBD PaRTICLes COLLOIDAL PARTICLES” 


a) GRANULAR (b) FLOCC ULATED 
SOIL SOIL 


Fic. 6.—Types of Soil Sediments. 


total change in density, together with the density at particularly 
selected degrees of shrinkage, swell, consolidation or expansion, indi- 
cates the extent to which soils have the five characterizing properties. 
Consequently, such densities are the basis of soil identification by 
means of the routine tests. Shrinkage tests disclose the variation in 
density; flow curves, stability; and the compression test, bearing 
value of the confined sample. 

The characterizing performance of soils is first noticed when the 
materials are forming sedimentsm). The granular particles settle out 
of suspension independently and form stratified layers with the faster 
falling large grains on the bottom, as shown in Fig. 6 (a). In contrast 
with this, flocculated masses of colloids trap the larger particles and 
prevent independent movement when colloidal clays settle out of 


: 
+t 
ad 
che | 
US 
oil 
‘ 
ing 
‘ice 
the 
is 
the 
the 
nal ‘4 
lids 
«! 
170, = 
4 
rb A 
? 
a 
© 


au 
suspension. As a result the clay particles are distributed throughout 
the highly porous sediments thus formed without stratification, as 
illustrated in Fig. 6 (0). 

Deflocculents, which destroy the electrolytic bonds of colloidal 
flocs, release the clay particles to settle individually like bulky grains 


and form stratified sediments as shown in Fig. 6 (c). 


It is uniform in 


Figure 7 shows a flocculated layer to the left. 


appearance and has a moisture content of 130 per cent. 


The defloccu- 


BAR 


Fic. 7.—Effect of Flocculation on the Character of Soil Sediments. 


lated sediment on the right is stratified and has a moisture content of 
59 per cent. Both were formed in 24 hr. from suspensions of the same 
soil material. The one on the left was formed from 5 cu. cm. of solids 
thoroughly mixed with 40 ml. of distilled water. The one on the right 
was formed from 5 cu. cm. of solids thoroughly mixed with 39 ml. of 
distilled water and 1 ml. of deflocculent. The moisture contents of 
sediments formed in the latter manner are referred to below as “‘floccu- 
lation limits.” 
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STATES OF CONSISTENCY OF SOILS 
Sediments of cohesive soils may be gradually consolidated from 
the liquid or viscous state at the flocculation limit to approximately 
the liquid limit by weight of the soil particles alone. Shrinkage or 
additional load may then cause the soil to pass successively the liquid 


SOIL CAKE AFTER TEST 
ia Fic. 8.—-Phenomenon Occurring During the Liquid Limit Test. 


= CRUMBLING OF SOIL THREAD BELOW 
4 THE PLASTIC LIMIT 


Fic. 9.—Phenomenon Occurring During the Plastic Limit Test. eh has 4 


limit, which is the upper limit of the plastic state; the plastic limit, 
which is the lower limit of the plastic state and the upper limit of the 
semi-solid state; and finally the shrinkage limit, which is the lower 
limit of the semi-solid state and the upper limit of the solid state. 
The liquid limit is defined as the moisture content at which ten 
light shocks will just close the groove in a soil sample such as shown 
in Fig. 8. Samples from the under soil at Four Mile Runas) sub- 
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stantiate > Tersaghi’s statement of several years agoae) that liquid 
limits approximately represent the natural moisture content of old 
sediments (see Table I). 
The plastic limit is defined as the lowest moisture content at 
which the soil can be rolled into threads } in. in diameter without the 


TABLE I,—-COMPARISON OF LiguID Liuits witH MOISTURE CONTENTS OF SOIL IN 
NaTturRAL State. From Public Roads, March, 1934. 


threads breaking to pieces (see Fig. 9). When soils change from 
_ plastic to non-plastic materials at this limit their supporting properties 
increase considerably. Non-plastic soils do not have plastic limits 
nor do they exist ir plastic states. 


Fic. 10.—TIllustrating the Shrinkage of Different Soil Mater when Dried to 
Constant Weight from Slightly Above the Liquid Limit. 


The wet soil completely filled the Coors porcelain dishes at the beginning of the test. Top row, 
left to right: diatoms, peat, colloids. Bottom row: mica, clay, silt, sand. . 


The numerical difference between the liquid and plastic limits, 
defined as the plasticity index, shows the range in moisture contents 
through which the soil remains plastic. It increases with the cohesion 
of soils. 

The shrinkage limit is defined as the moisture content at which 
further evaporation of moisture does not produce further decrease in 
the volume of the soil. 
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In the shrinkage test, soil powder and water are wtinis into a 
paste slightly above the liquid limit, placed in a porcelain milk dish, 
as shown in Fig. 10, and then dried to constant weight. While drying, 
the sample loses volume proportionately to the moisture loss above 
the shrinkage limit as shown in Fig. 11. Here the volume change 
equals 335 per cent when the moisture content is reduced from 269 
to 33 per cent. Consequently, the ratio of volume change to moisture 
loss, termed the “shrinkage ratio” (Fig. 11) equals: 


The shrinkage limit, the shrinkage ratio and the specific ile 
are interrelated as follows: 


Speci “pe 
pecific gravity, i 3 


R100 
= shrinkage limit, moisture content, per cent, 
moisture content, of wet soil, per cent, 
volume of wet-soil cake, cubic centimeters, 
= volume of dry-soil cake, cubic centimeters, 
weight of wet-soil cake, grams, 
= weight of dry-soil cake, grams, ae ‘ee 
shrinkage ratio, and 
= specific gravity of soil particles. 


‘The volume change C, which occurs when a soil = is dried 


This for sample No. 8170 becomes: 
= (w — 33) 1.42 


The ratio R is also the apparent ‘specific of the 
soil. Thus the weight of a cubic foot of the muck in the dried state 
equals 62.5 X 1.42 = 89 lb. 


The volumetric change is defined as the volume change in per- 
centage of the dry volume which occurs when the moisture content 


mal On SUBGRADE Sort TESTING METH 705 ve a 
id 4 
» 
ld 
at 
he 
t 
ait 
W, 
jm Shrinkage ratio, R = (3) 
1es % 
w 
—— 
: 
w 
100 
row, 
ion 
x 
i 


of the sample is reduced from the field moisture equivalent to 0. 
It is computed from Eq. 5 by substitution of the field moisture equiva- 
lent, F.M.E., for w. The volumetric change when designated by C; 
becomes: 


‘The lineal shrinkage, L.S.a7), expressed as a percentage of the 
length of a wet soil sample, is defined by the equation: 


VOLUME CHANGE, PER CENT 


Fic. 11.—Relationship of Volume Change to Moisture Content at Different States 
of Consistency. Soil sample No. 8170. 


The relative volumes of sample No. 8170 at the different limits of 
consistency are as follows: 


Volume Change When | Relative Volume, 
Consistency Limit Moisture Content, | _ Dried to Constant | percentage of volume 
per cent Weight, Eq. 5, per cent of dried soil 
33 0 100 


Thus 100 cu. ft. of the muck soil at the flocculation limit becomes 
49 cu. ft. at the liquid (34% X 100); 25 cu. ft. at the plastic; and 23 
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On SUBGRADE Sort TESTING METHODS 


0. DETERMINATION OF FLOW CURVES 
on The apparatus illustrated in Fig. 12 was developed by Casa- — 
f grandeas) for determining the liquid limit mechanically. The number 

of shocks required to close the groove in the soil at different consisten- 
(6) cies, plotted against the moisture contents, form the flow curves. 
the They are straight lines on semilogarithmic plats and are expressed by: 
H-w 
log N (8) 
(7) where w is the moisture content at N shocks. 
RY 


tates 
ts of Fic. 12.—Apparatus Designed to Duplicate the Effect of the Shocks Used in the 
Hand Method of Determining the Liquid Limit. 
“ The flow index, F, is the range in moisture content represented 
ume 


il by the number of shocks in one cycle of the logarithmic scale. The 
intercept H is the moisture content at one shock on the curve. H, for 
the muck sample, is 152 per cent and F is 28.4. Consequently, for this 


sample 
. w = 152 — 28.4 log N 
omes 
id 23 The liquid limit is the moisture content at 25 shocks on the flow 
pi curve as compared with 10 shocks by the hand method. Themechan- —- 
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ical device be adjusted so that 10 
liquid limit on the flow curves also. However, this would only increase 
the wear and tear on the apparatus without benefiting the test. 

On the assumption that the shocks required to close the groove 
are an index of shear resistance, the flow curves indicate the influence 
of change of moisture content upon the stability of soils. Also, if the 
shocks at the plastic limit on the flow curve can be taken as a measure 
of the toughness of soil, the number of logarithmic cycles included 
within the range of moisture contents comprising the plasticity index, /, 
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Fic. 13.—Essential Elements of the Terzaghi Compression Device. 


on the flow curve can be used as a toughness index, 7. It is ex- 
pressed as 


= COMPRESSION TEST 


In the compression test the samples are encased in the apparatus 
shown in Fig. 13 with all possibility of lateral flow excluded@,s,12,18). 
Static loads are applied to the piston in about three increments, totaling 
somewhat more than the maximum unit support required by the 
particular foundation. Each increment is continued until no further 
consolidation of the sample occurs. Then the next increment is 
added. After the sample has been compressed to constant volume 
under the final increment, the load is reduced to zero by decrements 
equal to the increments —e the total load. 
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from the overflow orifices a and b. 


The test furnishes the data shown in Fig. 14. The load-compres- 
sion curve shows the voids ratio at which the sample will support a 
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given load. The load-expansion curve shows the relation of increase 
in voids ratio to decrease of load. The time-compression curve shows 


‘a. Fic. 14.—Data Furnished by Test of Sample No. 8170. sa ts ‘ 


the speed at which the test sample consolidates. 


According to the load-compression curve, a load of 0.5 tons 
per sq. ft. compresses the sample No. 8170 to a moisture content of 
79.5 per cent. According to the load-expansion curve, decreasing the 
load from 1.5 tons per sq. ft. to 0.5 ton per sq. ft. increases the moisture 
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Water pressed from the soil pat by the weighed sii passes 
through the porous stone filters above and below the pat and escapes 
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_ content from 58 per cent to 61 per cent. According to the time- 
- compression curve 28 per cent of the consolidation occurs in 1 min. 


Computation of Rate of Settlement of Soil Strata: 

The relative periods of load application producing equal per- 
centages of compression in soil strata and their representative labora- 
tory samples are expressed by equations as follows: 

Case 1.—Water free to flow from both top and bottom of the soil 
stratum: 


ly f? 
where a = thickness of the soil sample, +2 
f = thickness of the soil layer, Slick’ 


{, = time required for the soil sample to consolidate from «, 
to w;, and 

t; = time required for the soil layer to consolidate from w, 
to W\. 


Case 2.—Water free to flow out of but one face, either top or 
2 a bottom of the soil stratum: 

a? 

y 4p 
To illustrate, assume that a load of 3.2 tons per sq. ft. is placed 
on a layer of the muck soil 10 ft. thick with a moisture content of 
121 per cent, the same as the sample (Fig. 14) at the start of the 
loading test. ‘This will ultimately decrease the moisture content of 
the sediment to 57.6 per cent. The ratio of layer thickness after to 
the thickness before consolidation equals: 


Hence the thickness of the layer after ultimate consolidation 
(see Eq. 5) is 
100 + 1.42 (57.6 — 33) 


= 6.0 
10 X 500 + 1.42 (121 — 33) ~ 


The test sample at 121 per cent of moisture is 0.425 in. “thick 
according to the test data. 

At some stage of partial consolidation, say 30 days after the load 
was applied, the moisture content of the soil layer would be reduced 
the same amount as that of the test sample in 


- = 0.54 . (Eq. 10 
(12 x 10)? 


‘g The time-compression curve, Fig. 14, indicates that 21 per cent 
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of the consolidation has occurred in this time. Consequently, the aa 
thickness of the muck deposit 30 days after the application of the oe 


21 
10 — (10 — 6.0) = 9.2 ft. 


The load-compression curves within the range from the plastic 
limit to a very soft consistency (P < 0.1 ton per sq. ft.) are like the 
flow curves, straight lines on semi-logarithmic plats and have the form 


in which B is the moisture content corresponding to the 1 ton per sq. ft. oa 
load and S is the slope of the semi-logarithmic plat which may be ge a 
termed also the compression index of the soil. It equals the variation 
in moisture content corresponding to a variation in load represented 


by one cycle on the semi-logarithmic scale. 
For the muck sample the formula becomes: 


w = 71 — 28.4 log P 
Combining Eq. 5 for volume change, Eq. 8 for the flow curve and a . ig 
Eq. 12 for compression, and substituting the constants of the muck Smil q 
sample, furnishes the expression: j 
w= —— +33 = 152—284logN=71-284logP 


1.42 


Therefore, volume change, shocks and bearing value correspond- 
ing to any desired moisture content above the plastic limit may be 
determined. These for sample No. 8170 at three arbitrarily chosen 


= 


moisture contents are as follows: 
w, PER CENT Co, PERCENT SHOCKS 
The average increase in moisture per decrease of 1 ton per sq. ft. ee 


when the total load is reduced from about 3 tons per sq. ft. to 0 may 
be used to signify the relative expansion properties of soil. For the 
muck sample this expansion factor equals 3.0 per cent. q 


MOISTURE EQUIVALENT TESTS 

Sigs moisture equivalent tests indicate compressive and expansive 

properties. 
The centrifuge moisture equivalent is defined as the moisture 

content of the soil when compressed by a centrifugal force of 1000 
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times the force of gravity for 1 hr. Essentially, t the test (see Fig. 15) 
consists of first soaking a small sample of air-dried soil in a Gooch 
crucible, then draining it in a humidifier for at least 12 hr., and finally 
“ee it for 1 hr. 


SATURATED SOIL S00CH DOCH CRUCIBLE end 


IMPERVIOUS SOIL bite: 


WATER LOGGING 


AFTER CENTRIFUGING 


- Fic. 16. —Phenomenon Occurring During Field Moisture Equivalent Test. 


The centrifugal action has a two-fold effect: namely, (a) to 
consolidate the soil particles forcing water toward both top and bottom 
of the sample, and (6) to expel water through the perforations in the 
bottom of the crucible. This combination of forces produces an 
average pressure on the sample of about 2 kg. per sq. cm. All free 
water is expelled from pervious samples. At least part of the water 


= — 
BEFORE CENTRIFUGING id! 
¥ by: 


Fic. 15.—Phenomenon Occurring During the Centrifuge 
Moisture Equivalent Test. t 
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forced to the top of impervious samples is retained there to produce 
what is termed “ waterlogging.”’ 

Field moisture equivalent is defined as the minimum moisture 
content at which a drop of water placed on a smoothed surface of the 
soil will not immediately be absorbed, but will instead spread out over 
the surface and give it a shiny appearance (see Fig. 16). Essentially 
the test consists of thoroughly mixing small increments of water with 
air-dried soil and smoothing off with a spatula until additional water, 
as referred to above, will not be absorbed. At this moisture content, 
the expansive properties of the soil sample have been satisfied. 

The specific gravities are determined by a method which is a 
modification of the Society’s Standard Method of Test for Specific 
Gravity of Road Oils, Road Tars, Asphalt Cements and Soft Tar 
Pitches (D 70—27).' It consists of placing a known weight of air- 
dried soil, the hygroscopic moisture content of which has been deter- 
mined, in a specific gravity bottle having a perforated glass stopper 
and adding enough distilled water to fill the bottle about half full. 
The soil and water mixture is gently boiled for 5 min., the bottle being 
a rolled occasionally to assist in the removal of air. After boiling, the 

bottle and contents are allowed to cool, the bottle is filled with freshly 

boiled distilled water, and the stopper firmly inserted. It is then 
completely immersed for a period of not less than 30 min. in a beaker 
; of distilled water maintained at 25 C., after which it is removed and 
et all surplus water is wiped off with a clean dry cloth. It is immediately 
ine weighed and the specific gravity computed from the formula: 


weight of dry bottle, 


where a 3 
weight of bottle full of distilled water, pst 
= weight of bottle plus weight of air-dry soil minus weight 
of hygroscopic moisture, and 


weight of bottle filled with soil and distilled water. 


The essential features of the combined sieve and hydrometer 
method of mechanical analysis, including the graphical method of 
‘solution of Stokes’ law, are shown in Fig. 17«9, 20). How substan- 
tially the results furnished by the hydrometer method agree with 
those of the more cumbersome pipette method is shown in Table II. 
Sey < ; In addition to the particle size accumulation curves, the effective 
aie: tht ae and the uniformity coefficient may be used to indicate the grading 
of soils. The effective sizea is the maximum size of the smallest 


ll 
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Il | 


441933 Book of A.S.T.M. Standards, Part IT, p. 1002, 
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10 iia by weight, of the soil particles. The abscissa of the point 

having an ordinate of 10 per cent on the soil accumulation curve (see 
Fig. 17) discloses the effective size. The uniformity coefficient 1) is 
the effective size divided into the maximum size of the smallest 60 
per cent, by weight, of the soil particles. 


ILLUSTRATIONS OF VARIATION IN THE PHYSICAL PROPERTIES OF SOILS 

Results of tests on well-known commercial materials, as well as 
soils, are given in Table III. Generally, the characteristics of these 
materials include all those found in natural soils. Bentonite, at the 
top of the list, is the most active of the gluey colloids productive of 
compressibility, plasticity and shrinkage of soils. Ground quartz, at 


TABLE II.—PERCENTAGES OF THE FINER Sor PARTICLES AS DETERMINED BY THE 
Bovuyoucos HYDROMETER AND THE PIPETTE METHOD. 


Percentage of Particles Finer Than 


Bouyoucos 


= 


99 
95 
88 
83 
81 
81 
77 
69 
59 
58 
12 


SISASRSRSESS 


the bottom, is representative of the most stable of cohesionless fine- 
grained materials of more or less constant volume. 

Zinc oxide, the finest material in the group, is representative of 
the relatively inert clays in glacial formations which are responsible 
for enormous frost heave. Diatoms and mica with little or no cohesion, 
high capillarity and high shrinkage limits, are productive of elasticity 
of soils. Pumice, with no cohesion and a fairly constant and high 
moisture content at the several consistencies, is representative of 
those quicksands which appear dry on the surface but quake and flow 
at the slightest manipulation. Sample No. 7588 is typical of clay 
soils found in nature. The addition of diatoms and peat to such soils 
produces river bottom mucks having the properties of sample No. 8170. 
Kaolin is representative of good pottery clays, which also make 
excellent binders for topsoil, sand-clay and gravel road surfaces. Talc 
has the physical properties of the natural cohesionless silt soils noted 
for the occurrence of detrimental frost heave. ra as 


cy 


e 
e 
e 
A 
T 
h 
= Sample 0.05 mm. 0.002 mm. 
pette Bouyoucos 
e Hydrometer ter Method Hydrometer 
e 
it 
tas 
‘ 
q 
yf 
h 
e 
st 
ley 


Pumice 
Relative magnification, 1 


Relative magnification, 2.2. 


sis 


tion, 3.8 


‘ie 18.—Photomicrographs of Soil Materials. ARS 
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The widely different grain structure of several of the materials 
shown in Fig. 18 adequately explains the difference in performance. 
Amorphous organic matter and a diatom can be seen in Fig. 19 of a 
sample of the muck soil No. 8170. 

The great range of characteristics of these materials is noted as 
follows: 

1. Maximum moisture content indicated by the flocculation limit 
— 46 to more than 1000 per cent. 


Fic. 19.—Photomicrograph of Diatomaceous Earth from Maryland. 


2. Moisture content at which the materials have equal shear 
resistance, that indicated by 25 blows signifying the liquid limit 18 
to 399 per cent. 

3. Cohesion indicated by the plasticity index —0 to 354 per cent. 

4. Shrinkage properties as indicated by the volume change from 
the liquid limit —0 to 865 per cent. 

5. Relative effect of moisture increase for reducing the shear 
resistance of the soil as indicated by the flow index —4 to 61 per cent. 

6. Moisture content at which the samples in confined state are 
capable of supporting a load equal to 1 ton per sq. ft. as indicated by 
the — ae B — 23 to 221 per cent. 
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7. The relative ability of the materials to absorb water and 
expand upon the removal of load as indicated by the expansion factor 
—0.2 to 21.9 per cent. 


THICKNESS , FT. 


2 3 [2 

— DIATOMS MICA MUCK SOIL ZINC CLAY SOIL PUMICE KAOLIN TALC GROUND 


8i7! 8170 OXIDE 1588 8114 8172 QUARTZ 


OF VOIDS ZZZ-THICKNESS OF SOILDS 
*1G. 20.—Relative thickness of layers of materials listed in Table III at floccula- 
tion limit (1), liquid limit (2), plastic limit (3), and shrinkage limit (4). 


a 


2 2 n 
34 
= 
WAY 
Jl 
BENTONITE DIATOMS MICA MUCK SOIL ZINC CLAYSOIL PUMICE KAOLIN ‘ALC GROUND 


TAU 
8178 8170 OXIDE 7588 8174 8172 8175 QUARTZ 
8177 8176 


([_]-THICKNESS OF VOIDS ZZZ-THICKNESS OF SOLIDS 


Fic. 21.—Relative thickness of layers of materials listed in Table III when a layer 
10 ft. thick at the flocculation limit (1), compressed by a load of approximately 
3 tons per sq. ft. for 30 days (2), to ultimate consolidation or constant volume 
(3), and when the layer expands to constant volume upon the removal of load (4). 


ee ay Figures 20 and 21 illustrate how differences in physical character 
. affect the volume of soils. Figure 20 shows the relative thicknesses 
of the materials, Table III, at the different consistency limits, with a 
constant thickness of solids equal to 1 ft. Figure 21 shows the effect 
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III.—Terst Constants oF TypicaAL Fine-GRAINED MATERIALS. 


Consistency Shrinkage Flow Curve Compression 


Uniformity 
Coefficient 


Specific Gravity 


8, per cent 


Compression Index, 


Volume Change 


from Liquid 
Limit, per cent 


Flow Index, 
F, per cent 


Ratio 


| Toughness 


Sem ~~)! Index 
| Intercept, B, 


15 
11 
0 


o_ 


Sram aww 


OOo 

— 


* Computed from shrinkage ratio and specific gravity. 


TABLE IV.—MATERIALS IN TABLE III ARRANGED IN DESCENDING ORDER 
OF EXTENT OF FINENESS AND OTHER PROPERTIES. 


Volume | 
Flow 
Change from Intercept, B 
Liquid Limit | 


M 

Muck 
Zine oxide 
Pumice 
Kaolin 
Tale 
Quartz flour 


V.—EFFECT OF ADMIXTURES ON PLasticity TESTs. 


Material, per cent 


line 
wp 


: 


0 
5 
25 
40 
00 


1 


d 
Material 
| 
~ 
Bentonite... .|0..0 1060 | 3 
Diatoms... .|0.0 337 | 1 
Mica.......|0.0 214 | 1 
Zine oxide. .|0.0 408 
Clay soil... .|0.0 236 
Pumice. ....|0.0 64 
Kaolin. .....|0.0 186 
Tale........|0.0 123 
(luartz 
| 
—_ 
Floceulation | Liquid Plasticit Expane ion 
a: Zine oxide | Bentonite | Bentonite | Bentonite | Bentonite | Zine oxid Bentonite ade j 
Bentonite | Zinc oxide | Diatoms Muck Clay Mica Mica 
ae Clay Diatoms Mica Zine oxide | Muck Bentonit Diatoms “5 
ed Muck Muck | Muck Clay Zinc oxide | Diatoms Muck wt 
OP ah Diatoms Clay Zine oxide | Distoms Tale Muck Kaolin ee 
Kaolin Mica Clay Kaolin Kaolin Clay Tale 
ae 4 Quartz flour | Kaolin Pumice Tale Diatoms | Tale Clay aks 
Mica Tale Kaolin Mica Mica Kaolin Pumice 
Tale Pumice Tale Pumice Pumice Soe : 
4 oe | Pumice Quartz flour Quartz flour | Quartz flour | Quartz flour ine oxide Wa 
ther 
| 
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of the relative rate and ultimate settlement under equal load, and the 
expansion upon removal of load, upon the thickness of a soil layer. 
The inability of the mechanical analysis or any other one determi- 

nation to throw light on all the properties is illustrated by Table IV. 

Here the materials, Table III, are listed with respect to their fineness 

and also the extent to which they possess the several physical proper- 

ties listed above under Nos. 1 to 7, inclusive. In almost every column 

the arrangement is different, thus indicating that complete identifica- 

tion of the soil can be accomplished only by tests sufficient in number 

and varied enough in scope to disclose the extent to which all five 

_ dominating physical characteristics are present. 

The routine tests reflect in some form or other the influence of 

the basic soil properties as follows: 

Liquid Limit——Capillary capacity of soil when thoroughly 
manipulated. 

Plasticity Index.—Cohesion. 

- Shrinkage Limit.—Combined effect of cohesion and resistance to 
consolidation. 

Centrifuge Moisture Equivalent—Combined effect of capillarity, 

compression and permeability. 

> Field Moisture Equivalent—Combined effect of capillarity and 
_ cohesion—the moisture capacity of soils when not manipulated. 

Volumetric Change and Lineal Shrinkage-—Combined effect of 


cohesion and resistance to consolidation, 


Routine Tests Reflect the Presence of Characterizing Soil Materials: 


The routine tests disclose basic soil properties by indicating the 
tas presence of constituents which, by surveys, investigations and ex- 
5 perience, have been shown to have a characterizing influence upon 
the construction and maintenance of road surfaces. This is illustrated 
by tests on changing combinations of widely different materials such 
as quartz, diatomaceous earth and bentonite. 
Both Table V and Fig. 22 show that increasing the amount of 
admixture gradually changes the constants from those of the stable 
_ quartz to those of the diatoms, in one instance, and the highly plastic 
- colloidal bentonite in the other. Both the liquid limits and the 
plasticity indexes increase proportionately with the admixtures. Con- 
a. sequently, the plasticity indexes increase directly with the liquid limits 
a but at different ratios for the different admixtures. 


_ vidual properties indicated by test constants related in ratios covering 
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Im Uke manner, all tne Characterizing SOL. Constituents such as 
ae sand, silt, clay, colloids, kaolin, mica, peat, the flocculating limes and 
i, irwits magnesium and the deflocculating potash and sodas contribute indi 


a wide range. Such relationships supplement the constants as such in 
the identification of properties productive of conspicuous performance. 
| Based upon constituent materials, physical properties and per- 


PERCENT, P 


ADMIXTURE, 


40 60 120 160 
. MOISTURE CONTENT, PERCENT 
4-7 


Fic. 22.—Relationship of Liquid Limits and Plasticity Indexes to : 
Admixtures of Diatoms and Bentonite. 
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_ Fic. 23.—Diagram Illustrating Characteristics of Uniform Subgrade Groups. 


formance, uniform subgrades are tentatively classified in eight groups, 
identified by definite test limits and requiring different construction — 
features in roads laid thereon. This grouping is illustrated by Fig. 23. 


“ey 


a 
4 al 
| 
he 
A 
ni 
. nr 
» 
a ‘ a) 
MPRESsiBIU 
d 
a 


Hoc ENTOGLER AND WILLIS 
} ER 
+ 
Ne g 
- 
- 3-V 
12 
= 
© 
22 
2 
++ & +o 
z = & 
> —+-—+ 2 
ro] no 
ols 
i 


Zz 
eT 
T “8 
g 
9 
SZ 5 
| | = 
5 
S 
=-> T Re 
| No || 2e- 3 
Hee te tee 
é = + 
+ |= ° 
Sic 


roth 


i 
: 
il 
per | 
| 
| = 
ul "4 7 
| 
4 


pa 


3YNLSIOW ANJIWAINDI JYNLSIOW I9NAINLNID 
OOF OSZ O02 OSI Ov CF 2 Ol OS2 O02 OSI Ov OF 2 ol 0 
T "4 10 z —+++ 5 +—+—4 00! 
AI | SWOLVIO a 
S80 | 
fo" 002 © ++ 
| ‘WOS | | 
ILINOLNIG i |} | | | | | 


| 
ade 
| 
bak 


HOGENTOGLER AND WILLIS 


Different locations on the diagram represented different combinations 
of the five basic soil properties with the A-3 subgrade of maximum 
internal friction located in the center. 

As the position shifts from the center towards the outer boundary, 
the internal friction decreases. Shifting along the circumference from 
the bottom to the top, the soil changes gradually from the compressible 
to the elastic type. Adding compressible materials gradually changes 
a group A-3 sand to first a non-plastic variety of the A-2 subgrade; 
second, a well-graded stable A-1 subgrade; third, a plastic variety of 
the A-2 subgrade; and lastly, to either a group A-4 high-capillary silt 


TABLE VI.—ILLUSTRATING MANNER IN WHICH RESULTS ARE REPORTED. 


Physical Characteristics Mechanical Analysis 


Material 
Passing No. 40 Sieve Particles Smaller Than 
2.0 mm., per cent by weight 


i; 


= 


Moisture Equivalent 
Lineal Shrinkage, 
per cent 

than 0.005 mm. 
Colloids Smaller 


than 0.001 mm. 


No. 40 Sieve 


Particles Larger 


| than 2 mm. 
Clay Smaller 


Shrinkage Ratio 


| Plasticity Index 


964° 29 
165 
129 
155° 
61 


2.2 
0.6 
0.5 
1.4 
1.9 
1.9 
1.0 
1.3 
1.4 
1.6 


an 


* Computed from shrinkage ratios and specific gravity. 
> Waterlogged. 


cohesion. The master charts utilizing the test constants for identify- _ 
ing soils of the various groups are shown in Fig. 24. 

Table VI illustrates the manner in which the results of the routine 
subgrade tests are reported. Complete discussion of the essential 
features, together with the significance of the physical soil tests, has 
been published in Public Roads, Vol. 12, Nos. 4 and 5, June and iid 
1931. 

Complete procedures for preparing the samples for test, for per- 
forming the liquid limit, the plastic limit, the shrinkage limit, the _ 
centrifuge moisture equivalent and the field moisture equivalent tests _ 
and for making the mechanical analysis, as adopted by the Com- 
mittee on Materials of the American Association of State Highway 
Officials for proposed tentative standards, have been referred to the 
Society’s Committee D-4 on Road and Paving Materials. 


“ia 
7 
Sample Material | | | 
No. 8178....| Bentonite............... 
No. 8173....] Diatoms..................]136 125 30/100 
a 6 No. 8177....| Zime oxide.............. 89 31 89 | 100 4 
+ No. 7588... .| Clay soil..................| 80 | 51 | 13 39/100 
7 | 100 
_ or a group A-6 plastic clay which shrinks considerably and has high 
a 
3 
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DISCUSSION 

Mr. J. W. Kusuinc! (presented in written form).—An analysis 
of specifications for mineral aggregate wearing courses, using clay 
as a binder, indicates that they do not give very much attention to 
fundamental principles governing the stability of such mixtures. 
Early research work in determining a proper mixture and proper 
grading of material for such surfaces, using calcium chloride as a 
bonding aid, led workers in this field to recognize the merits of tests 
which were being developed in the analysis and classification of sub- 
grade materials. 

Test methods were studied to determine their usefulness in con- 
nection with stabilization of wearing courses in mineral aggregate 
roads. Generally speaking, stabilization refers to methods of in- 
creasing the stability of this type of material by the balancing of 
soil properties. Our investigations in Michigan have shown that the 
soil property most frequently lacking in our gravel roads is cohesion, 
and that this condition can be corrected by the proper addition and 
mixing of clay. In this work the soil test value that serves as a 
measure of cohesion, namely, the plasticity index, has proved almost 
indispensable. Since this test measures the ability of the combined 
fine materials to retain moisture without destroying their cohesion, 
it is useful in making certain that the filler material between the 
aggregates in wearing courses has sufficient stability to hold the coarser 
materials in place. Other tests such as for shrinkage limit and field 
moisture have shown little significunce in the study of stabilized 
wearing courses. 

The mechanical analysis as it has been extended by the hydrom- 
eter method to measure the particle size of the soil fines seems to 
be of primary importance in determining the properties of the finished 
stabilized mixtures. 

The following procedure is followed in specifying the proportion- 
ing of materials to be used in stabilization: 

1. The gravel or sand to be stabilized usually contains little or 
no cohesive material. Samples are screened on the ?-in., No. 4, 
No. 10, and No. 40 sieves. If the material passing the No. 40 sieve 
usually designated ‘‘soil fines,’ contains cohesive material, the 
plasticity index is determined. 


1 Research and Testing Engineer, Michigan State Highway Dept., Lansing, Mich. le acti” ve 
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2. The clays available for stabilization are dried, pulverized, 
screened through the No. 40 sieve, and the plasticity index of the 
soil fines is measured. 

3. Mixes of the soil fines from the gravel and from the most 
suitable clay are combined to determine the amount of the latter 
required to give a plasticity index of 9 to 11 to the finished mixture. 

The following table is a typical example of a mechanical analysis 
and tests on a clay and a road surface before and after stabilization: 


Mechanical Analysis, per cent by weight 


Pamine | Passing | | Fine 
assing ing Sand 
quit Retained | _1-in. }-in. | Passing | Passing 
P : F 4 on l-in. | Sereen. | Sereen, | No. 10 No. 40 Silt Clay Liquid | Plasticity 
ir OX Sereen | R Retained | Sereen, | Screen, Limit Index 
ite Tires on 4-in. | on No. 10} Retained | Retained 
Sereen | Sieve | on No. 40 No. 270 
Sieve | Sieve 
Before stabilization 0 5 31 26 25 7 6 15 0 
After stabilization 0 s 34 20 20 s 10 19 7 
0 0 4 26 20 46 41 23 


Michigan State Highway Department specifications for a finished _ 


mixture are as follows: 


The finished mixture shall consist of coarse aggregate, fine aggregate and 


natural soil binder, supplied separately or in combination, to conform to the 

following composition limits, by weight: 
Passing }-in. circular opening screen, per cent.............. ee 5. 
Passing No. 270 sieve, 10 to 25 


The fraction passing the No. 270 sieve shall not be more than two-thirds 
of the fraction passing the No. 40 sieve. The fraction passing the No. 40 


sieve shall have a plasticity index between 6 and 14 as determined by the — 
physical test methods of the U. S. Bureau of Public Roads. (Described in 


Public Roads, Vol. 12, No. 8, October, 1931, p. 203.) 

. The proportions of coarse aggregate, fine aggregate, and natural soil 
binder, required to give the finished mixture described above, will be deter- 
mined by laboratory tests on the materials to be used. 


In conclusion, it may be stated that provided construction — 


methods outlined for this type of work are followed, satisfactory 
results will be secured when the following requirements are met: 

1. The plasticity index of the surface materials must be over 5, 
and the wearing course must contain 3 to 4 tons per mile of calcium 
chloride to hold moisture bond. 

2. (a) When the plasticity indexes of wearing surfaces are 5 or 


more and carry a loose cover, clay binder should be added to consoli- 
date loose material to the road surface. 
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(b) When the plasticity indexes of wearing surfaces are less than 
5, sufficient clay binder must be added to stabilize to a depth of 3 in. 

3. The plasticity index of the finished mixture should be over 
10 in order that water penetration be reduced to a minimum, thereby 
obtaining maximum stability in wearing surface. 

Mr. G. A. RAHN! (presented in written form).—We have made 
practical applications of the soil test procedure, outlined by Mr. 
Hogentogler, in the improvement of soil roads, in developing the soils 
through the medium of admixtures from the lower into the higher 
classifications, or in test parlance from the A-4 or A-6 into the A-1l 
or A-2 groups. In this work exclusive attention was focused on the 
soil mortars, or that portion passing the No. 10 sieve, ignoring the 
portion above that size and eliminating everything above the 1}-in. 
size. Briefly the work can be divided into the following operations: ) 


Surveying.—As this type of work is of such a nature as not to : 
justify the refinements of a subsoil survey, typified by the soil pro- a? 
file, a superficial survey was decided upon. This consisted in examin- _ 
ing the soil in the surface of the road and in the banks adjacent to — 
the road. A sample was taken of each formation encountered, and © 
its extent determined. The sampling operation consisted of digging 
a hole to a depth of 12 in. on the center line or quarter point of the __ 
road, and lifting an 8 to 10-lb. sample representative of this 12-in. , 
depth. 3 

At the time of the survey an investigation relative to the avail- 
ability of various admixtures (sand, stone screenings, slag screenings, 
etc.) both local and commercial was also carried on. 


samples of available admixtures, were brought into ‘the binieher 
for test. The soils were subjected to the various tests enumerated 
by Mr. Hogentogler and placed in their proper groups. The admix- 
tures were subjected to the hydrometer analysis. 

With this information available, attention was turned to the 
gradations on both the soils and the admixtures as determined by 
the hydrometer analysis, and a combination of soil and admixtures 
developed which will place it in the gradation range of the A-1 group, 
if economically possible, or in the A-2 group closely‘ approaching the 
A-1. The poorest soil in the section under study was next combined 
with the calculated percentage of admixture, and the physical con- 
stants and gradation determined. If this check proved satisfactory 
it was assumed that the mixture was correct. | 
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Construction.—During construction, control tests were carried out to 
make sure that the mixture intended was being secured. Simple field wash- 
out tests were made on samples taken at intervals whereby the amount of 
coarse and fine sand was determined. 

The accompanying Table I illustrates the method of control practiced 
: in two construction projects, and includes both the mechanical gradation 

and physical constants. Under each section the average soil gradation, 
. the computed mix, the laboratory mix, and the field mix are given. In 


TABLE I.—Som-Roap CONSTRUCTION CONTROL. 


: ‘ Coarse Sand Fine Sand Silt Clay 


Col- o 
2.0 |0.84/0.42/0.25/0. 105/0 .074/0 05/0 .02/0 .008}0 .005|0 loids, 2 
mm. mm. | mm. |mm.|mm.|mm.} mm. | mm. |0.001) | 
mm. 4 
|34.0 |28.5]17.5)10.0 | 7.0 | 3.0 | 1.0 
Laboratory; 
1 soil: 1 admixture} 100.0/88 .4/74.0/67.7|59.8 |54.8 |48.5/35.0/24.0 [19.0 |12.0 | 7.5 |20.4) 
Field (composite); 
1 eoil: 1 |48.3 |41.5/32.0)18.5 |14.5 | 7.0 | 5.5 120.7) 
Prosser B: 
Section No. 1 
Soil, average....... 100 .0/98 |65.3 |59.4/46.7|/32.9 |25.9 |15.0 | 8.6 
mix |38.5 |34.6/26.8)18.4 [14.4 | 8.7) 5.3 |... 
ry mix 1:1./100.0/93 .6/73 .8|68.4/48.0 [45.9 |45.5/38.5/27.0 |20.0 {10.0 | 6.0 |23.8| 
100 |36.3 |33.8/27.8/20.4 [15.7 | 9.3 | 5.9 |22.7) 
Section No, 2: 
Soil, average....... 100 .0/99 .9/94.5/87.8 (85.4 |80.5/69.0/52.0 |26.0 |16.0 
Computed mix 2:1.}100.0/95.8|78 .4/55.2/39.3 |36.3 |33.4/27.7/20.0 |16.2 |10.3 | 6.7 |... 
mix 2:1/100.0/92 .8|/48.6/36.7 {33.8 |32.0/28.0|23.0 |21.0 |11.0 | 7.0 |22.0) 3.4/14.7/1.89/19 .6)17.1 
100 .0/95 .2/78.1/59.3)41.5 |37.0 |35.0/29.5/23.0 |18.5 |10.5 | 7.0 |24.2) 
0. 3: 
Soil, average ...... 1000/99 .3/97.9/95.9|90.4 |86.5 bs 45.2 |19.9 |....]....].. 
Computed mix |36.6 |34.3/28.4/20.9 [17.1 |11.3 | 8.0 ]....]....}.. 
Laboratory mix 2:1/100.0/91.4/66.5/50.2/41.2 |38.8 |38.5/34.5/25.0 |20.0 |13.5 |10.0 |26.0| 
wh 100 .0/95 |36.8 |33.9/28.3/21.3 [16.5 | 9.1 | 4.8 |22.4) 
Section No. 4: 
Soll, average...... 100 .0/99.4/98 .5|97.0/94.2 |92.8 |91.5/83.5/63.7 {53.0 |33.7 |22.0 
Computed mix |32.0 |30.2/26.1/18.9 |15.5 {10.3 | 7.0 
Laboratory mix |27.4 |27.0/24.0)18.0 |15.0 |10.0 | 5.0 |20.2) 
Field mix 3:1 -|100 .0/94 .0)73 .8)53 .2/37.9 |33.7 |31.8/27.0/20.5 [17.0 |11.5 | 7.0 (23.0) 


project B the samples were taken at intervals of 100 ft. throughout the 
project. Field mix samples were taken in the same location after mixing 
operation had been concluded. Attention is called to the close check 
possible between the computed mix and the field mix. Also the check 
between the constants represented by the laboratory mix and the field 
mix. This proves conclusively that this method of testing can be applied 
to control as well as to preliminary classification. 

Mr. W. S. HousEt.'—There are two problems in highway construc- 
tion to which the development in applied soil mechanics and methods 
of measuring soil resistance have application of particular importance: 


1 Research Consultant, Research and Testing Division, Michigan State Highway Dept., University of 
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namely, (1) the determination of the physical properties and be- 
havior of subgrades, and (2) the measurement of the so-called 
stability of materials used in the building of road surfaces, particularly 
low-cost road construction which makes use of numerous combina- 
tions of granular materials with the addition of various types of 
binding material. 

In connection with the resistance of road surfaces to failure under 
surface loads and in connection with the supporting capacity of sub- 
grades, the “bearing capacity”’ or ability to support lyads without 
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Fic. 1.—Machine Designed to Measure Capacity of Various Materials to Sustai 
Surface Loads. 


permanent or progressive deformation is a physical property of 
primary importance. Although it may be related to a number of 
secondary properties, bearing capacity may be subject to direct 
measurement which may result in the elimination of a number of 

- complications with much practical benefit. 
tal Just how much application bearing capacity tests have to sub- 
- grade behavior seems to be a matter of some question since the bear- 
ing values of almost any of the soils encountered in highway con- 
struction seem to be sufficient to carry the low intensities of load to 
el hich they are subjected. But there may be some value in connection 
with subgrades in physical tests of this nature, particularly in co- 
ha hesive soils with low resistance which serve as a foundation for flexible 


24 
3, 
“ id 4 
| 
> 
| 
‘ 


| 


4 


= DISCUSSION ON SUBGRADE SoIL TESTING METHODS 731 


surfaces which transmit rather high intensities of load to the sub- 
grade. However, direct physical tests of supporting capacity have 
their major application in the so-called stability of actual road sur- 
face material. 

The Michigan State Highway Department is engaged at the 
present time in developing tests of this nature. The first investigation 
on “The Stability of Granular Materials,” is being conducted by 
D. S. Berry at the Michigan State Highway Laboratory, the object 
of which is to develop adequate testing apparatus and to ascertain 
some of the fundamental elements of stability which do not seem to 
be adequately defined. 


ay 
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44 90.1N. BEARING AREA 


LOAD, LB. PER SQ. IN. 


10 
ie) 0.01 0.02 0.03 0.04 0.05 0.06 0.07 


SETTLEMENT, IN. 
Fic. 2.—-Load-Settlement Diagrams. Ottawa sand compacted by vibration. 


The accompanying Fig. 1 is a photograph of a machine designed 
to measure the capacity of various materials to sustain surface loads. 
It consists primarily of a balance beam which furnishes a means of 
loading various sized bearing areas and has a total loading capacity 
of approximately 5000 lb. Settlement measurements may be made 
to an accuracy of 0.001 in. While the machine is not readily portable 
it has been found very convenient for a laboratory set-up and occupies 
very little space. Of more importance is the fact that the design 
and care in manufacture supplies a much higher accuracy than has 
usually been considered necessary in testing materials of this nature. 

In its early stages the investigation has consisted of conducting 
bearing capacity tests on Ottawa sand and some tests have been 
conducted using several sizes of lead shot, the object being to deter- 
mine the manner in which soil develops resistance to displacement as 
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_ influenced by such factors as particle size and shape, degree of com- 
paction, and other conditions which are characteristic of such mix- 
tures. The accompanying Fig. 2 is an example of the typical results 
= from such tests using various sizes of rigid bearing areas 
_which have been loaded to progressive failure. It should be noted 
that the bearing capacity at any given amount of settlement varies 
through a rather wide range for the different sizes of bearing area. 
For small amounts of vertical settlement the bearing capacity is 
greater for the smaller areas while in the upper range of settlement 
the bearing capacity is greater for the larger areas. The variation 
in béaring capacity for these granular materials follows the same 
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SETTLEMENT , IN. 


Fic. 3.—Values of m, mn and K,. 


general principles which have been determined by a large number 
of bearing capacity tests on cohesive materials.' 

An analysis of the load-settlement diagrams at given amounts of 

_ settlement shows that the bearing capacity of such granular material 

=a may be expressed by a straight-line equation in which the bearing 

capacity is equal to the summation of two factors of soil resistance, 

_ which in previous investigations have been designated as perimeter 

shear and developed pressure. It appears quite obvious that if 

_ there is a variation in bearing capacity with the size of the area there 

- must be some factor of soil resistance which is dependent upon di- 

mensional properties of bearing area which are fundamentally the 

result of special boundary conditions. 
If there were no special boundary effects to be considered the 
bearing capacity of all sizes of area should be the same. The con- 


1W. S. Housel, “Bearing Power of Clay Is Determinable,” Engineering News-Record, February 
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clusions drawn from quite a number of investigations made in this 
country and in Europe have been that the bearing capacity of granular 
materials is not affected by the size of the bearing area. At the 
same time it has been recognized that cohesive materials such as clay 
do exhibit properties which lead to such a variation in bearing capac- 
ity. The results shown in Fig. 2 represent, so far as I am aware, the 
first data from tests on granular materials which have been made with 
sufficient accuracy to expose the actual behavior of granular material 
for very small amounts of settlement. 

The straight-line equation which has been found to reproduce 
the various load-settlement curves accurately is given in Eqs. 1 and 2: 


W =Ap =mP +nA 


mP 


where W = total load, 
m = perimeter shear in pounds per lineal inch, 
P = perimeter in inches, 
n = developed pressure in pounds per square inch, 
A = area in square inches, and 
p = bearing capacity in pounds per square inch. 


The two factors of soil resistance are perimeter shear, m, and 
developed pressure, ”. The developed pressure is due to the resistance 
of the material to volume change or consolidation, and the perimeter 
shear, m, is the result of resistance to displacement of the soil particles 
on the boundary planes. The total load on the bearing area is equal 
to the shearing resistance on the boundary multiplied by the peri- 
meter plus the developed pressure multiplied by the area. In order 
to express the supporting capacity in terms of bearing capacity in 
pounds per square inch it is necessary to divide Eq. 1 by the area. 


In Eq. 2 the perimeter area ratio, =, expresses the dimensional prop- 


erties of the bearing area in the same way that the hydraulic radius 
expresses the dimensional properties of a channel. 

In the accompanying Fig. 3, the values of m and n, as determined 
from the analysis of load settlement diagrams, are shown for the 
entire range of settlement covered by the tests shown in Fig. 2. In 
the lower range of settlement the boundary effect is a positive factor 
in the bearing capacity while in the upper range of settlement the 
boundary becomes a source of weakness, indicated by negative values 
of the perimeter shear. This phenomenon may be accounted for by 
the fact that in the higher range of loads there is not sufficient 
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_ lateral resistance to prevent displacement of the particles from 
beneath the edge of the bearing area. 

The developed pressure, , is not a large portion of the capacity 
for the smaller settlements as some consolidation of the material 
must take place in order to develop the resistance to compression. 

_ The maximum bearing capacity is determined by the ratio of sett!e- 


_ coefficient of compressibility. This ratio was defined as the co- 


ie efficient of settlement, K,, and its critical value, which determines 


a _ Fic. 4.—Movenient of Sand and Gravel Where Bearing Area Is Being Forced Through 
the Material. 


the bearing-capacity limit, has been fully discussed in connection with 
previous investigations.! 
In a discussion of the bearing capacity of road surfaces the 
boundary effect or perimeter shear is a factor of considerable sig- 
- nificance. In the first place, it is an indicator of the pressure dis- 
tribution on the bearing area itself. If there were no boundary 
_ effect, the pressure on the bearing area would necessarily be uniform. 
However, when the boundary effect is positive it indicates that the 
_ intensity of pressure near the edge of the bearing area is greater than 
at the center, and conversely, when it is negative the pressure at the 
edge of the bearing area is less than at the center. In any investi- 


: 1W. S. Housel, “Bearing Power of Clay Is Determinable,” Engineering News-Record, February 
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gation which has as its objective a determination of the manner in 
which pressure is distributed through road surfaces the variation in 
pressure on the bearing area itself is of primary importance and must 
be fully understood if any stress analysis in the material or distribution 
of load through the material is to be successful. When the investi- 
gation goes further into an analysis of the manner in which resistance 
is developed in order to determine the maximum and safe bearing 
capacities of the road surface, the factors of soil resistance which 
have been outlined are the most essential elements in this study. _ 


Fic. 5.—Testing Apparatus for Measuring the Shearing Resistance of Soils. he 


One of the most important conclusions which appears to be sup- 
ported by the results of both tests on cohesive and granular is that the 
bearing capacity limit or ultimate supporting capacity is controlled 
primarily by the resistance of the material to lateral displacement, 
which is fundamentally shearing resistance. It is also important to 
realize that progressive settlement which results when the bearing 
capacity limit is exceeded is in all respects in agreement with the 
phenomenon known as plastic flow. The accompanying Fig. 4 is a 
photograph made by taking a time exposure of the movement of 
particles of sand and gravel while a bearing area is being forced through 
the material and indicates the manner in which displacement of the __ 
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There are two theories of soil resistance under consideration at 
the present time which are calculated to describe the behavior of a 
body of material under superimposed loads. These theories may be 
designated as the “Consolidation Theory” and the “Theory of 
Plastic Flow.” The consolidation theory pictures the settlement 
under load as entirely due to volume change or compression of the 
soil particles sometimes accompanied by the squeezing out of water 
which fills the voids in the soil. The conclusions drawn from this 
theory are that soil has no definite bearing capacity but that pro- 
gressive settlement under any superimposed load will continue until 
the material reaches its maximum state of consolidation. The theory 


LB. PER SQ. IN. 


INTERCEPT 


< 
a 


5 10 1S 20 25 
NORMAL PRESSURE, LB. PER SQ. IN. 
Fic. 6.—Shear Test. Fine sand compacted by vibration. 


of plastic flow pictures settlement under any superimposed load as a 
combination of consolidation and displacement and leads to the con- 
clusion that soil does have a definite bearing capacity and is capable 
of sustaining loads within the bearing capacity limit without pro- 
gressive settlement after the initial consolidation has taken place. 
The most important consideration in this latter theory of bearing 

capacity is that the shearing resistance of the material, which might 
also be referred to as the plastic limit, sets a definite limit to the 
supporting capacity which has been defined as the bearing-capacity 
limit. 

In addition to the bearing capacity tests being conducted, tests 
to measure the shearing resistance of soils of various types have been 
- devised. The testing apparatus is shown in Fig. 5. The apparatus 
ae means for applying vertical load to a soil sample held in a 
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cylindrical mold. Means are provided for measuring the transverse 
shearing force necessary to pull out a section of the cylinder under 
varying intensities of normal force. This test is modeled after similar 
tests made by Bell in 1914 and reported in the Proceedings of the 
Westminster Institute of Civil Engineers. The preliminary results 
of tests run on Ottawa sand and some other granular materials indi- 
cate several interesting facts. First, a body of granular material 
has a definite shearing resistance, shown as the intercept in Fig. 6, 
due to interlocking of the grains, which to some degree is independent 
of the normal pressures. Shearing failure is abrupt and is accom- 
panied by a measurable volume expansion in agreement with prin- 
ciples that have previously been outlined by Dr. K. Terzaghi. There 
is an increase in the shearing resistance with increased normal pres- 
sure in addition to the initial resistance due to interlocking, but this 
increase cannot always be expressed by a coefficient of friction with a 
constant value. In Fig. 6 is shown some typical results of the measure- 
ment of shearing resistance of fine sand under the conditions described. 
From these results it is apparent, that, provided the normal pressure 
on the shearing surface is merely sufficient to hold the grains in a 
compact arrangement the body of sand exhibits a definite resistance 
due to interlocking, which is analogous to the cohesion encountered 
in clay. 

The tests described are merely the first steps in what is intended 
to be a comprehensive study of resistance of some materials used in 
highway construction. The method of approach used in these in- 
vestigations is somewhat different from those outlined by Mr. Hogen- 
togler, and I have attempted merely to present as much as possible 
of a somewhat different method of approaching these problems of 
mutual interest. It is our hope that the application of these methods 
to problems in highway materials will yield some valuable results. 

Mr. C. A. HoGENTOGLER.'—In closing, I wish to stress the im- 
portance of the work described in Mr. Housel’s discussion. Our 
paper called attention to four different kinds of tests but attempted 
to present only a picture of what the so-called “simplified physical 
tests” can disclose, because the procedures for performing these tests 
have become fairly well established. Investigations along the line 
suggested by Mr. Housel are also considered in our soil stabilization 
work. 

In the determination of grain size we find that the type of de- 
flocculent used in the preparation of the sample is of utmost im- 
portance. Investigations reported in Public Roads, Vol. 14, No. 6, 
1 Senior Highway Engineer, U. S. Bureau of Public Roads, Washington, D. C. 
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August, 1933, p. 95, Table 2, illustrate this. Here in one case the 
amount of clay is shown to be 67 per cent, 78 per cent or 87 per cent, 
depending on whether the dispersing agent is potassium hydroxide, 
sodium oxalate or sodium silicate. Also, the colloidal fraction (par- 
ticles smaller than 0.001 mm.) may equal 0 per cent, 1 per cent, or 
29 per cent, depending upon whether the dispersing agent is potassium 
hydroxide, sodium carbonate, or sodium silicate. 

This work all points to the general conclusion that results fur- 
nished by mechanical analysis depend entirely on the arbitrary 
procedure employed. Any variation in the procedure may cause a 

change in the apparent grading of the soils. 

! Finally, since there has been so much said about recent develop- 
ments in soil tests and research, I should like to point out that progress 
in this field has concerned developments of methods and employment 
of apparatus more than change in fundamental conceptions. As a 
matter of fact, Daniel E. Moran reports making consolidation tests 
on undisturbed samples of clay and other foundation materials as 
early as 1910. The conception of silt consisting of bulky grains and 
clay of scale-like particles as well as that of shrinkage being caused by 
surface tension when water recedes in the soil capillaries was published 
by George E. Ladd in 1898,! and in 1892 Milton Whitney? explained 
in detail the effect of surface tension for contracting, expanding, and 
supplying cohesion in soils; suggested a formula utilizing the re- 
lationship between surface tension, diameter of capillaries and height 
of capillary rise; and described a method for determining the moisture 
content by means of the changing electrical resistance between two 
plates buried permanently in the soil in place. These pioneers should 
receive full credit for their contributions which helped to make the 
present progress possible. 


1G. E. Ladd, “ Phenomena Resulting from the Surface Tension of Water,” American Geologist, 
p. 267 (1898). 


2 U.S. Department of Agriculture, Weather Bureau Bidletin No. 4 (1892). 
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THE IMPORTANCE AND THE DETERMINATION OF 


As the height of earth dams has Blea the importance of 
minute technical study of the material, careful investigation of the 
ry strength and proper control of the structure during construction has 
become more evident. 

The research at Cobble Mountain, both in the laboratory and in 
neil the field, was started with the full advantage of all the practical and 
theoretical knowledge available in connection with the control of 


at hydraulic-fill dam construction. No method dealing with the prob- 

“ lem on hand developed elsewhere was either adopted or discarded 

ots until after it was given a trial at Cobble Mountain. Perhaps for the 

= first time in the history of engineering there has been a research of 

- this type carried on side by side with actual construction. 

1ed THE IMPORTANCE OF PARTICLE SIZES 

1ed It was discovered that the particle size or the gradation is one 

und of the most important investigations for the suitability of a material 

re- for a hydraulic-fill dam. 

ght The function of the core section of a hydraulic-fill dam (Fig. 1) 

ure is to stop the passage of water through it. All earth dams leak more 

two or less, and the seepage through a hydraulic-fill dam will depend 
uld almost entirely on the particle sizes of the core material. A core of 

the finer particle sizes will leak less-than one with larger core materials. 

But the smaller the particle size of the core material, the longer will __ 
ogist, it take to settle, drain, and consolidate, and vice versa. Acorealmost 
water-tight can be obtained with the required fineness of particle _ 

salt} size, but this in turn will make the structure, unless with unneces- 
ami sarily large section, rather unstable because of perhaps indefinite delay 
mal in settlement, drainage, and consolidation. Both of the required 
sian results, that is, safety and water-tightness, cannot be obtained at the 
idl same time. Therefore a compromise should be made so that a dam 
pgue sufficiently water-tight is obtained with the required amount of safety 
il for the structure. This means that the core material must have 
ae 1 This paper was presented in connection with a Symposium on Industria] Applications of Par- 
yess!” ticle Size Measurement, sponsored by the Committee on Particle Size and Shape of the Society's 
rhs) Committee E-1 on Methods of Testing, held in conjunction with the fourth Regional Meeting of the 


2 Society, New York City, March 8, 1933. 
> & : 2 Engineer in Charge, Cobble Mountain Reservoir, Springfield Water Works, Westfield, Mass. e 
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Fic. 1.—Section of Cobble Mountain Dam. 
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particle sizes fine enough to prevent, within a certain degree, the 
seepage of water through it, and yet it must contain large enough 
particles in the material so that it will expedite the settling, the drain- 
age, and the consolidation of the structure. Proper gradation is 
the key to the solution. 

The function of the beaches of a hydraulic-fill dam is to support, 
during construction, the liquid or semiliquid core. The beaches, 


funnels 


\( 


therefore, must not only be heavy enough to resist this pressure but 


also porous enough to permit the core to drain. The more uniform 
the particle size of the beach material, the higher will be the per- 
centage of voids, but this results in less weight in the structure and 
lessens its stability both during and after construction. A better 
gradation or uniform variation in size will result in a smaller per- 
centage of voids of the beach material, which results in a stronger 
structure. Hence, the importance article size control. 
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DETERMINATION OF PARTICLE SIZES 


The mechanical sieve analysis with ‘a No. 200 sieve as the finest 

sieve is limited to about 0.09 mm. The previous method of pro- 

. _ cedure for the accurate determination of grain sizes of material passing 

a No. 200 sieve by decantation or elutriation was either inadequate 

or very slow. The tests at Cobble Mountain were to serve the pur- 

_ pose of controlling the particle sizes of the core material during the 

construction and it became very necessary to develop a practical 


: The Cobble Mountain elutriator (Fig. 2) consists of three glass 
cones 1, 2, and 4 in. in diameter, each provided with an inlet tube 
running to the bottom, and outlet tube running to the next cone. 
The first cone inlet tube has a connection to a glass funnel into which 
is placed the portion of the test material that has passed the No. 200 
sieve. From this funnel the material is carried to the first, then the 
second, and then the third cone which has a connection to a glass 
nozzle discharging the overflow into a receptacle. With the arrange- 
ment of the inlet tubes a rising column of water of different velocity 
is created in each cone due to different cross-sections of the cones. 
When the sample material is washed into the cones, necessary con- 
nections are made for the constant and uniform flow of the water 
through the cones. As the material reaches the first cone, the larger 
particles settle and the smaller particles are carried over to the next. 
Similar action takes place in the other cones. The size of the particles 
settled in each cone has a definite relation to the cross-sectional area 
of that cone. The test is continued until the overflow discharge 
becomes almost clear. At the end of the run the particles at the 
bottom of each cone are recovered by a process of filtration through 
- alundum crucibles under a vacuum, and the overflow is flocculated 
with chemicals and then filtered. 

The elutriator has 4 units so that 4 tests can be run at the same 
time. All the units are submerged in water in a steel tank and pro- 
vided with thermostatic control to keep the temperature constant, 
and a circulating pump to keep the flow uniform in all the cones. 
With a correspondingly larger tank, almost any number of elutriator 
units can be installed and . ey tests run at the same time. 

Aes? 

Principle of the Test: etal 
The principle of the separation of particle sizes in the elutriator. 
is based on Stokes’ law. Stokes’ law gives the constant velocity of 
ah falling bodies with a certain diameter through a liquid. In this case, 


| Ret 
ee method that would take a reasonably short time to make the required 
_ tests with reliable results. 


= 


however, the same law applies to bodies of the same diameter held in 
suspension by the upward flow of the same liquid. The following 


formula has been developed for the elutriator: 


d = 0.0152 ry ( ) : 


where d = average diameter in millimeters of a particle, — 
f = flow in cubic centimeters per minute, 

a = area of the cone in square centimeters, and 

temperature in degrees Fahrenheit. 


To obtain the best results, it is necessary to have the flow and 
the temperature of the water uniform throughout the run of the test. 


Fic. 3.—Microscopic Projection Apparatus. 


In case there is a change in the temperature, the flow should be changed 
according to the formula in order to keep the value of d constant. 

It is seen from the elutriator formula that the particle size varies 
directly as the square root of the flow and inversely as the square 
root of the cone area. It should also be remembered that the duration 
of the test has an approximate inverse ratio to the flow. A flow of 
48 cc. per minute at 77 F. will give a low separation of 0.01 mm. and 
the actual run of the test through the elutriator will take about four 
hours. Then with a flow of 12 cc. per minute a separation of 0.005 
mm. can be obtained during about sixteen hours. According to the 
formula, no doubt within limits, during a shorter time larger separa- 
tions can be obtained with higher flows. The elutriator with a flow 
of 48 cc. per minute at 77 F. gave separations of particle sizes 0.04, 
0.02, and 0.01 mm. for 1, 2, and 4-in. diameter cones, respectively. 
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CHECKING BY Microscopic EXAMINATION 


The results obtained by the elutriator are reliable, especially 

when they are checked now and then by microscopic examination. 

The microscopic measurements may involve assumptions which per- 
haps are not exact, and which may influence the results, and yet it is 

the most reliable method available for observation and checking 
purposes. The microscope is very useful for observing and studying 

the shape and other characteristics of particles. 

The microscopic measurements of the separation of particle sizes 

of the No. 200 sieve and also of the three stages of the elutriator were 


MICRONS 
0 10 20 3040 50 


Elutriation, 1-in. Diameter Cone (Range 0.04 to 0.09 mm.). 


made at Cobble Mountain in accordance with the method outlined 

by L. T. Work.! The microscopic apparatus (Fig. 3) consisted 
essentially of a projection lantern throwing light rays through the 

cooling cell, condensing lenses onto the substage mirror of the micro- 

scope. Then the light was reflected through a condenser and the slide 
containing the sample of soil into the objective lens of the micro- 

«@ scope. By means of an adjustable prism near the ocular lens, the 

image of the particles is thrown on a painted plate-glass. screen. 

Pan By projecting a stage micrometer on the screen the magnification 
can be accurately measured. For any magnification on the screen a 


1L. T. Work, “ Methods of Particle Size Determination,” Proceedings, Am. Soc. Testing Mats., 
Vol. Part II, p. 780 (1928). : 


ft 
a 
| 
} 


corresponding scale can be made to measure the dimensions of the 
particles directly (Fig. 4). 

Slides were made of the samples to be tested and the image thrown 
on the screen. By moving the slide slightly, new fields are projected. 
The sample should be well dispersed and the particles evenly and 
distinctly spread over the field. They should not overlap one another. 
Only the good fields are considered and they are taken up separately. 
The width of all particles, except the mica, is measured and counted. 
The particle sizes are divided into several ranges and the frequency 
of each size is counted. About fifteen fields are measured, and their 
results summarized. The volume and weight of each size range are 


Microscopic Sizes 


No. 200 sieve 93.0; 
First stage 43.5p 
Second stage 21.0y 


° 
@ 


T 
Cumulative 

—--+ Nos. /00 to 200 sieves 
—-— first stage elutriation 
e----- Second stage elutriation 
Third stage elutriation 


| 
! | 
at | | 
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Fic. 5.—Microscopic Sizing of Elutriator Stages. 


computed and also their ratio, per cent per micron, with respect to 
the entire sample. The ratios, per cent per micron, are plotted 
against size ranges in microns and this rectangular plotting is replaced 
by a graph in which the ratio, per cent per micron, is plotted against 
diameter sizes in microns. These curves overlap one another, due, 
perhaps, to shape of particle, indicating that a small amount of fines 
has been left with the coarser separation and similarly a small quan- 
tity of coarse material (especially flat particles) has been carried over 
to the next smaller size separation. Areas under the curve represent 
per cent by weight. By balancing the fines in a coarse separation 
with the coarse particles in the next fine separation, the division line 
between the elutriator stages can be obtained. As a rule, this division 
line is at or very near the | intersection of the overlapping curves 
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HyYDROMETER METHOD 


The most rapid method known to the author for determining 
the grain sizes below the No. 200 sieve size with reasonable accuracy 
is that using the hydrometer developed by J. G. Bouyoucos.' Within 
an hour an analysis can be made of a soil sample by this method. 
The apparatus required for the hydrometer method is very simple 
and its cost is almost negligible compared with that of the elutriator. 
This method has many advantages and it is being used in many places 
for determining the grain sizes of soil particles. The hydrometer is 
so constructed that the graduation on its stem at the water surface 
will indicate the number of grams of soil in suspension per liter of 
water at the center of buoyancy of the hydrometer. 

As a precaution, however, it is best to check the hydrometer 
readings with various predetermined quantities of soil per liter of 
water, or with solutions of known concentration. 


The hydrometer equation derived from Stokes’ law is: 
d = 0.1033 (Vn)! 
= diameter of particle in millimeters, 


{+ 
velocity of falling particle i in centimeters per second, and — 
viscosity of water in centipoises. 


At different intervals observation is made of the concentration 


of any observation, particles having diameters larger than a certain 
critical size have traveled by, or particles finer than that critical size 
are still in suspension above the center of buoyancy. The traveled 


this is not constant for different concentrations of a suspension, nor 
is it necessarily the same for any two hydrometers. For each hydrom- 
eter a curve should be prepared showing the distance from the 
water surface to the buoyancy center for various readings on the 
stem of the hydrometer. With distances obtained from the curve 
and the time in seconds as observed, the velocity can be computed 


Mer hydrometer has been designed for a water temperature of 
. (19.44 C.). " water is used with another temperature it will 


1 J. G. Bouyoucos, “ Directions for Determining the Colloidal Material of Soils by the Hydrom- 
eter Method,” Science, Vol. LXVI, No. 1696, July 1, 1927, pp. 16-17; and **Making Mechanical 
Analyses of Soils in Fifteen Minutes,” Soil Science, Vol. XXV, No. 6, June, 1928, pp. 473-480. 
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of particles finer than those of d, for which the observation was made. 
This weight divided by the total weight of the original sample gives 
the percentage finer than d. 

With observations made at different time intervals, corresponding 
computations are completed and the gradation curve is plotted. 

Some soils in their natural state contain elements which produce 
flocculation when the material is placed in pure water. In most cases 
this may be overcome by the use of a deflocculating agent (ammonia 
or sodium oxalate). For local materials which showed very slight, 


Sp — 
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Fic. 6.—Temperature Correction Curves for Bouyoucos Hydrometer Readings. 


or no tendency to flocculate, a fixed amount (5 cc. per liter) was used 
satisfactorily. 

The hydrometer method will give reasonably accurate results, at 
least for the gradation of hydraulic fill-dam materials, for readily 
dispersing and granular soils. Undoubtedly this method is very useful 
and of great help during periods when the results are necessary in 
the shortest time possible. For further details on the elutriator and 
hydrometer methods and the derivation of their formulas see ‘Tests 
for Hydraulic Fill Dams.”* 


1H. H. Hatch, “Tests for Hydraulic-Fill Dams,” Proceedings, Am. Soc. Civil Engrs., Vol. 58, 
No. 8, October, 1932, pp. 1301-1342. 
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Pp. S. (presented in written form?) .—I believe one 
of the first considerations in the accurate measurement of particle 
size is that of definition of the size of particle. While an arbitrary 
definition may be convenient, it may on the other hand confuse the 
issue to the extent that particle size as expressed is no longer an 
independent variable but includes effects due to other variables such 
as particle shape. As a result comparisons of different materials may 
be quite misleading, since the assumed basis of equal particle size 
may not really exist. 

Mr. Hatch has expressed the size of particle in terms of its meas- 
ured width. This procedure may be simplest but it leads to diffi- 
culties. As suggested in the paper the observed overlap of the size 
distribution of different fractions no doubt is due in part to this method 
of defining size of particle. Probably for the same reason, it is found 
necessary also to omit counting the particles of mica. 

The writer has previously proposed* that the microscopic particle 
size be defined uniformly in terms of the ratio of surface to volume. 
The logical reason for this is that for microscopic particles the specific 
surface is the variable of physical and chemical interest. For a 
rectangular particle the definition based on specific surface leads to a 
- size defined rigorously by the harmonic mean of the three dimensions. 

The physical separation of the microscopic particles considered 


It has been found that with the theoretical Stokes’ law size the same, 
the superficial size may be quite different, depending on the shape of 
the grain. For example, particles of gypsum and slate appear larger 
than particles of anhydrite or portland cement, although the Stokes’ 

_ law size is the same. However, when the particle size is interpreted 
in terms of the surface to volume ratio, the measured sizes then appear 


a. _ terms of specific surface now appears as a truly independent variable. 
_ A correct basis is thus provided for comparison of different materials 


a 1 Associate Chemist, U. S. Bureau of Mines, Nonmetallic Minerals Experiment Station, New 
Brunswick, N. J. 
7% ? Published by permission of the Director, U. S. Bureau of Mines, Washington, D. C. 
; - 3P. S. Roller, “Separation and Size Distribution of Microscopic Particles—an Air — for 
Fine Powders,” U. S. Bureau of Mines Technical Paper 490 (1931). 
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_ Discussion on Particte Size 

with respect to the effect of particle shape, for example, keeping the 
particle size truly constant. 

Mr. Hatch’s reference to the need of deflocculation in the hydrom- 
eter method can hardly be overestimated. In methods analogous to 
the hydrometer method, which involve single-stage sedimentation, 
checks against accurate direct analysis (by air)! could not be obtained 
without stringent deflocculation of small amounts of the material. 
Certain presumed deflocculating agents may be only partially effec- 
tive. Owing to the apparent variation in soluble (gypsum, etc.) and 
in organic matter content of different core materials for hydraulic-fill 
dams, the question of deflocculation in single-stage sedimentation, 
and even in water elutriation, should be carefully considered for each 
material. It will be recalled that in elutriating kaolins Schurecht? 
found a wide difference in result depending on whether a deflocculant 
was or was not used in elutriation. Gross, Zimmerley and Probert*® 
used gum arabic and a mechanical device for deflocculation. 

Further information on the derivation of the hydrometer equation 
from Stokes’ law would be highly desirable. Puri‘ has pointed out 
that the Bouyoucos hydrometer is not amenable to theoretical treat- 
ment because of the large bulk of liquid displaced. Only an indefi- 
nitely small volume of the displaced liquid will correspond to the 
“point in the column” that is required for mathematical correlation 
of particle size and density of the suspension. 

Mr. I. F. Morrison® (by letter).—Apart from the purely research 
aspect, methods for the determination of particle size, where fine- | 
grained material is concerned in construction, are of growing im- 
portance both from the point of view of preliminary investigations _ 
and control. The preliminary study should concern itself with a — 
determination of the relative amounts of the coarse, fine, and very _ 
fine portions of the material available and with a study of the amount © 
of fine material which will settle in a given time. The first studies 


can be made by any one of several methods recently developed which _ . 


are easily available. The hydrometer method, as recently developed _ 
at the U. S. Bureau of Public Roads and by A. Casagrande and others, _ 


gives satisfactory results and a uniformity curve can be readily 


1P. S. Roller, “Measurement of Particle Size with an Accurate Air Analyzer: The Fineness _ ee 


and Particle Size Distribution of Portland Cement,” Proceedings, Am. Soc. Testing Mats., Vol. 32, 
Part II, p. 607 (1932). 


2H. G. Schurecht, “ Elutriation Tests on American Kaolins,” Journal, Am. Ceramic Soc., Vol. 3, <a 


p. 355 (1920). 

§ John Gross, S. R. Zimmerley and Alan Probert, ‘‘A Method for the Sizing of Ore by Elutriation,”’ 
U. S. Bureau of Mines Report of Investigations 2951 (1929). 

4A. N. Puri, “ A New Type of Hydrometer for the Mechanical Analysis of Soils,” Soil Scéence, 
Vol. 33, p. 241 (1932). ie 

§ Professor of Applied Mechanics, University of Alberta, Edmonton, Alta., Canada. a aad 
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constructed for the material passing a No. 100 sieve. A study o 

this curve in comparison with those for hydraulic-fill cores already 

successfully constructed will reveal how much of this material must 
be wasted in order to obtain a suitable core. A suitable core material 

a ‘may have quite a wide range of particle size. 
bon The elutriator described by the author would seem quite suitable 
_ for the requirements of this preliminary study, with one exception. 

That is, only three points on the uniformity curve are determined by 

means of it. But, since the curve is of the ogee type, it is desirable 

to have not less than five points if a good comparison with the curves 
already obtained for hydraulic fill cores is to be made. The apparatus 
could be easily extended with little trouble so as to use 5 cones instead 

of 3. 

For the purpose of such preliminary studies, it is of course neces- 

‘sary to use a deflocculating agent. However, as flocculation usually 

occurs in the natural process of construction, and since it would be 

-inexpedient to attempt to prevent it in the actual construction, 
__ studies should be made of the rate of settlement preferably for the 

_ water which will actually be used during construction. There is at 

‘ present no apparatus or established method for doing this but it can 

x accomplished by trial by mixing known quantities of the material 

eo the water and draining off the turbid fluid after certain periods of 
- time until the remaining material, when analyzed by the hydrometer 

will give a satisfactory uniformity curve for the core. 

It will then be known at what rate the water from the pool must 
be drawn off in order to leave a suitable core. The core material, 
_ thus separated, should be further examined in order to determine its 

coefficient of permeability from which, along with its pressure-moisture 
- curve, an estimate may be made of its rate of consolidation if thought 

necessary. Information of this sort is desirable because of its bearing 
on the rate at which the heavy toes, which usually exert some side 

_ pressure on the core, may be built up. 

} In the control of operations on the job, the chief requisite is the 

time element rather than great accuracy, although the limits of 

accuracy should be known. The control of the operation of the pool 

preser be based on the amount of waste in the overflow water and 

the quality of the core produced. Both the overflow water and the 
core material should be sampled frequently. Since the core material, 
as compared with that in the overflow water, is relatively coarse, the 

ge ~ elutriator described in the paper may be of value for the analysis of 

: es it provided the time required is not too long. On the other hand, no 
advantage over the simpler hydrometer method seems apparent for 

purpose. Besides, the method involves less, rather 
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yf than more, time. As for the material in the overflow, all that s seems _ 
y necessary is to determine the weight of the material in suspension, 
t which can be done immediately by the hydrometer and checked by | 
il evaporation and weighing. 
Mr. L. T. Work.'—The laboratory tests of fineness at Cobble 

e Mountain were devised for maximum accuracy with economical 
L. production. It was necessary to test a large group of samples each 
y day in order to have a complete history of the case and to apply sy 
e adequate correctives in the choice of soil to be used. The hydrometer 
Ss was used for a great deal of this work although it possessed some 
iS elements of inaccuracy. It was checked with the elutriation and | 
d microscopic measurements. There was a marked correlation between 

the hydrometer values and the elutriator-microscope method so that 
S- the points which have been raised as to the shape of the soil particles _ 
y were comparatively unimportant. The reference to Puri indicates _ 
e an approach to perfection in the hydrometer method, but funda- _ 
1, mentally it can never cure it for the hydrometer bulb must have a 
e volume, and if it is flat in shape or even spherical, there is always the 
t question of sedimentation on the glass. Further, the stem of the | 
n hydrometer must have a volume, and that action prevents the hydrom- 
al eter from measuring density truly at a specific point. ae 
of In the problem at Cobble Mountain the spread of particle size 
ar was very great from millimeters down to microns and the entire span 

had to be measured. The application of the data was primarily to 
st permeability, consolidation, etc., and since the shape factor of the 
1, particles was so uncertain and was difficult of exact measurement, 
ts they actually took the size measurements, as they could readily de- 
re termine them, and correlated them with other laboratory and field 
it tests necessary for the safety of the structure both during and after 
ig construction. 
le Mr. H. H. Hatcu? (author's closure by letter) —The author agrees 

with Mr. Roller that the shape of the particle is an important factor 
1€ and perhaps it should be given weight in the particle size determina- 
of tion. No matter how desirable this adjustment may be from theo- 
ol retical standpoint, it becomes almost impossible for practical purposes, 
d especially in hydraulic fill construction where, with thousands of 
1€ cubic yards of sluiced material going into the structure from various 
J, borrow pits, it is of utmost importance to make numerous tests 
1e quickly for the control of the construction. The questioned method 
of of measuring particle sizes and also elements of inaccuracy of the 
10 1 Assistant Professor of Chemical Engineering, Columbia University, New York City. 
or 
er 
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hydrometer are comparatively unimportant, as pointed out by 
Mr. Work. 

The derivation of the hydrometer equation from Stokes’ law, as 
requested by Mr. Roller, is as follows: 
; Stokes’ law is expressed by the equation: 


where V the velocity of fall, in centimeters per second, 
= the density of falling particle, 
the density of liquid in which the particle falls, 
the gravity constant, in centimeter-gram-seconds = 981, 
radius of particle, in centimeters, and 
= coefficient of viscosity, in poises. 
Without appreciable error, values of specific gravity instead of 
those of density can be substituted for P, and P;. Let P, = 2.72, 
the average specific gravity of the Cobble Mountain Dam maiaelel, 
and P; = 1.00. Then P, — P, = 1.72. Substituting this value in 
Eq. 1, and also using r, the radius, equal one half d, the diameter, 
2X 1.72 92, (¢ y 
on 2 
(Vn)? = 0.1033 (Vn)! 


Equation 3 was derived with d in centimeters and m in poises. 
However, it will remain the same for d in millimeters and m in centi- 
poises. The value of m for any temperature can be obtained from 
tables of coefficients of viscosity; therefore, it only remains to find 
the value of V by observation during tests for the determination of 
d; thus, 

_ Distance, in centimeters 


Time, in seconds 


The elutriator tests were not only run for preliminary studies 
but also for the control during the construction. It is true that the 
Cobble Mountain elutriator carried the gradation to 0.01 mm. and 
that the distribution of particle sizes finer than 0.01 mm. are important, 
but the percentage of the latter generally will give the necessary 
time | is disregarded, there i is no reason why 
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additional points could not be obtained for a gradation curve, as 
suggested by Mr. Morrison. Ba 

The author does not agree with the studies and methods suggested 
by Mr. Morrison because of the following facts in actual construction:  __ 

1. The whole of the borrow pit material should be considered in 
gradation curves for preliminary investigations. <a 

2. Material passing a No. 100 sieve, constituting a 100 per cent 
curve, has no practical value. 

3. There is a definite relation between the core and beach volumes 
of a dam, and this is not necessarily confined to minus and plus © 
No. 100 sieve quantities of any borrow material. a 

4. Some of the successful hydraulic fill dam cores contain about _ 
25 per cent particle sizes larger than the No. 100 sieve openings. r, 

5. It should not be taken for granted that material could be 
wasted. Wasting of fines is sometimes dangerous and impossible 
not only because of sanitary and industrial restrictions, but because — 
of the involved loss of water during the operation. 

6. The rate of settlement of the core will depend not only on | 
various characteristics of the material, but mostly on the speed of 
construction; and it cannot be predicted by the method suggested _ 
which involves “draining off turbid fluid” and “. . . water from the Be 
pool must be drawn off .. .”’ (see 5 above). cae 

7. The term “heavy toes” in hydraulic fill dams conveys the — 2 
meaning of “‘rock fill” or coarse fill at the extreme toes of the beaches. ir 
These toes have no side bearing of the core, but instead their function ae 
is to ‘support the beaches which i in turn support, during construction, — es 


The effect of the ‘vertical component of the beach material over rae. tes a 
sloping or narrowing sides of the cores, designed according to best | 
practice, is nothing to worry about due to more or less automatic es 
control of hydraulic fill construction. 


writings elsewhere: 


“Tunnel Blasting at Cobble Mountain,” The Explosives Engineer, May, ES 
1930. 
“Hydraulic Fill Construction at Cobble Mountain Dam,” Public Works, bee 
June, 1930. 
“Constructing Highest Hydraulic Fill Dam,” The Excavating Engineer, — ‘ a 
April, 1932. 
“Construction of the Cobble Mountain Dam of the Springfield Water 
Works,” Journal, New England Water Works Assn., Vol. XLVI, No. 4 (1932). _ 
“Tests for Hydraulic Fill Dams,” Transactions, Am. Soc. Civil Engrs., | 


Vol. 99, pp. 206-247, 278-294 (1934). 
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COMBUSTIBILITY OF 
FIRE-RETARDANT WOOD 


SYNOPSIS 
_ This investigation was made for the purpose of developing satisfactory 
laboratory tests for measuring the value of fire-retardant treatments for wood, 
and included a study of all tests known to have been used heretofore. This 
work involved the performance of nearly 2000 individual experiments. Those | 
tests known as building, splinter, stove, hot rivet and hot plate were found i 
upon preliminary study to offer insufficient promise to warrant detailed in- _ 
vestigation. The shaving, crib, timber and fire-tube tests have been studied ee << 
in detail and summarized data are given covering these. ty 

The shaving test was found to give information on resistance to ignition, Be 
tendency to support or communicate flame, and glow. However the test is 
difficult to duplicate because of variations in dimensions or type of shavings 
from different species of kiln-dried wood. This test was therefore discarded as 
unsatisfactory. It appears well suited for a quick plant test on freshly im- ‘ soe 
pregnated wood. 

The crib test is found to be the best single test since it is easily Serta! . 
requires no expensive equipment and gives information on every factor of is 
importance except possibly flame penetration. It is very accurate in its ability 
not only to detect the presence of but also to give a measure of the amount of mA , 
untreated material present. 

The timber test is the one test which can be used to give information on 
flame penetration and loss in strength, and it also serves to give some informa- _ 
tion on-the other points. This test, when used in conjunction with the crib _ 
test or fire-tube test, gives satisfactory information on all desired points. > 

The fire-tube test fails to give information on glow, insufficient information _ 
on loss in strength or flame penetration and fails to give as complete information ew C 
as the crib test. It is, however, one of the three most satisfactory test methods _ 
studied. 


The investigation described was undertaken for the purpose of 
developing satisfactory pore methods for measuring the com- 
peared of fire-retardant wood. 


building, splinter, Prince’s quartz tube, stove, hot prerry hot plate, — 
fire-tube, shaving, crib and timber tests. The latter three have been © 


1 President; Director, Testing Laboratory; and Chief Engineer, respectively, Protexol Corp., 
Kenilworth, N. J. 
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used by the New York Department of Buildings for many years. 
The splinter test! was also used as an official test for veneers about 
1913, but for some reason was discontinued. In this study particular = 
attention has been given the shaving, crib, timber and fire-tube tests _ 
with a view toward modifying them so as to make them more satis- _ 
factory. The other tests mentioned were found after preliminary | . 
study to offer insufficient promise to warrant a detailed study. be 
Prince? made a study of various test methods and developed an 
apparatus consisting of an electrically heated quartz tube in which 
the test specimen was suspended. He used as a measure of inflam-— 
mability the time necessary for the specimen to ignite at a given -'2 
temperature. He found the crib and timber tests unsuited for this Got 
purpose. He also developed a box type of apparatus in which the — 
specimen was exposed to an electrically heated plate and the gases ie 
formed were ignited by a pilot flame. 2p 
W. D. Baufield and W. S. Peck*® made use of an electrically Ke 
heated apparatus for measuring the ignition temperature of treated — ey 
and untreated Douglas fir. ae 
Truax and Harrison‘ made a comparison of the crib, timber and ae 
shaving tests with the fire tube but made no attempt to modify the © .. 
three former. They found the apparatus suggested by Prince oe bie I: 
unsuited for measuring the fire resistance of treated wood. Pe 
The British Standards Institution® make use of an apparatus pice 
very similar to that of Prince for determining combustibility. a fe? 
Lullin® made use of a horizontal tube arrangement for the study rie 
of ignition temperatures of both treated and untreated wood and seh 
used preheated air as the source of heat. This method, however, Ss 
is not practical for the type of testing contemplated here. : 
Hicks’ used an electrically heated dental furnace and determined — a 
the ignition temperature of the evolved gases and the loss in weight phi: 
of the specimen. 
The personal element of the operator has largely been eliminated ee 7 
in this work by the introduction of numerical values of interpretation, pr 
based upon time and weight measurements. 


1Charles Dahlem, “ Fireproofing Wood,” unpublished manuscript, New York (1913). Bie 
2R. E. Prince, “Tests on the Inflammability of Untreated Wood and of Wood Treated with 
Fire-Retarding Compounds,” Proceedings, Nat. Fire Protection Assn., Vol. 19, p. 133 (1915). 
3W. D. Baufield and W. S. Peck, “ The Effect of Chemicals on the Ignition Temperature of 7 
Wood,"’ Canadian Chemistry and Metallurgy, Vol. VI, p. 172 (1922). 
4T. R. Truax and C. A. Harrison, “A New Test for Measuring the Fire Resistance of Wood,” 
Proceedings, Am. Soc. Testing Mats., Vol. 29, Part II, p. 973 (1929); also Proceedings, Am. Wood Pre- : 
servers Assn., p. 130 (1930). (SS 
5 British Standard Definitions for Fire Resistance, Incombustibility and Non-inflammability of a3 ‘ 


Building Materials and Structures, published by the British Standards Inst. (1932). ie i, 


* A. Lullin, ‘Recherches sur les Temperatures D’Inflammation du Bois,"’ Geneva (1925). 
7C. S. Hicks, “ Fireproofing and Antiseptic Treatment of New Zealand Timbers,” The New 


Zealand Journal 7s Science and Bese Vol. 1, p. 236 (1918). 
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756 
Information desired in tests must include resistance to ignition, 
resistance to flame penetration, tendency to support or communicate 
flame, loss in weight or strength, and tendency to smolder or glow \ 
after the removal of the igniting flame. Unfortunately, no single _ : 
test has been found which gives information on all of these points 


and it is necessary to make use of at least two tests in order to obtain | 
complete information. 


bam 


The material used for test was selected from commercially — 
treated stock containing approximately one-half pound of fire- | 
retardant salts per board foot and had been kiln-dried to a moisture 
content of 7 per cent +1 per cent. Each board was of such dimen- __ 
sions as to provide in most cases sufficient material for shaving, 


crib, timber and fire-tube specimens, thus forming a better basis for : 


per min. The lowest rate was just sufficient to remove smoke and 
fumes from the top of the hood. All temperatures were measured 
by means of a recently calibrated Leeds & Northrup potentiometer 


temperature indicator. 


ae SHAVING TEST 


The shaving test, which is conducted at relatively low temper- _ 
atures, is an ignition test designed to give information comparable _ 
to the flash test in the case of oils. In a study of methods of testing 
fire-retardant wood Ira H. Woolson' investigated the shaving test | 
and found the following objections to it: 


These details must be left to the judgment of the operator. ae 
2. The extreme difficulty in maintaining the same conditions of = 
flame and heat under the shavings. tae 
3. The impossibility of securing a uniform quality of shavings. _ 


impossible to obtain shavings of uniform size and quality even when 
the shavings were prepared by the same carpenter using the same 
plane, set at the same depth of cut. A further objection to the test 

is that wood as shavings is never used in buildings and he, conse- — 


1 Ira H. Woolson, “ A New Method of Testing Fire-Resisting Qualities of Fire-Proofed Wood,” Soar 
The School of Mines Quarterly, Columbia University, Vol. 23, p. 248 (1902). ce Re es Pr > 
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quently, regarded it difficult to interpret the results obtained in the 
shaving test. 

The results obtained in the tests described here lead to the same 
general conclusions. It was possible to obtain uniformity in the 
igniting flame by use of a suitable chimney to protect the flame from 
air currents. However, the wide variation in the dimensions of the 
shavings from kiln-dried wood could not be overcome and this out- 
standing handicap makes it apparent that the shaving test is imprac- 
tical as a means of determining the fire-resistant value of kiln-dried 


fire-retardant wood. 


ae 
Slow Full 
a No Draft, | No | Slow | Full 
™ Draft | | Draft | Draft Pasoed | Passed Paseo 
| wi wi wil 
permite. | perma. No | Slow | Full 
Seat Draft | Draft | Draft 
18| 0/18] 0} 18] 0/10} 1/11] 0} 10| o| 18 | 18 | 18 
American walnut............. 12 0;12 0/11 1 3 0 3 0 3 0 12 12 ll 
French walnut................ 1 0; 1] 0 1 1 1 1 
Engliah 3} 3] 0} o| 3] 3] 0] 3] o| 8 3 3 
71 41 7] o] 4] 3] 3] 6] 3] 5| 3] 7 7 4 
ona lo| 2/16] 8] 8] 2] 7] 2] 8] 2/12] 16 | 16 8 
2} 31 1] 3] 83] 0] 3] 3] 3] 3 3 3 
21} 1/21] 0/18) 3} 5] 3] 6] 3] 3] 41) | 21 | 48 
2; 4] 2] 1] 1] 5] OF} OF} 6} 7 2 2 1 
5| 5| 5] 3] 2/11] 10) | 5 5 2 


The rules for conducting the test of shavings from fire-retardant 
wood in accordance with the Code of Ordinances (Building Code) 
of New York City adopted in 1927,and amended in 1928, are as follows: 

Shaving Test.—A mass of shavings cut fairly thick from the outside and 
interior of sticks of the treated wood are to be tested separately. These shavings 
shall be placed to a depth of 2 in. in a metal vessel 12 in. square, the bottom of 
which shall consist of a wire screen of }-in. mesh. The shavings shall be packed 
down moderately to reduce the air spaces. A bunsen yellow flame shall then 
be placed beneath the receptacle so that the flame is in contact with the shav- 
ings. After 25 sec. the flame shall be removed. The flame at no time should 
show higher than 6 in. above the top of the bed of shavings and the shavings 
should not be consumed in less than 5 min. 


Test Data: 


In this investigation a total of 529 separate tests was made upon 
183 samples of shavings from 12 different species of kiln-dried wood. 
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The conditions under which the tests were made were as follows: _ 
(a) no draft; (6) slow draft (20 lin. ft. per min.); (c) full draft (100 
lin. ft. per min.), all with a yellow flame of a bunsen burner as speci- _ 
ood above. Since the height of flame, its distance wom the shavings, ¥ 


the following interpretation was given to these eon Distance from : 
top of bunsen burner to wire screen 3} in., total height of flame 43 in 
length of flame impinging upon shavings 1} in. The latter dimension 


TasLe II.—Errect oF ON RATE OF BURNING. 
Standard yellow flame. 


No Draft Slow Draft 


Percentage |Time Burned, Time Burned, Time Burned, 
Burned min.: sec. min.: sec. min.:sec. 
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* No flame produced but sufficient smoke to indicate some combustion. 


was sufficient to maintain contact between flame and shavings even 
when the flame was subjected to momentary horizontal air currents. 
The temperature of this flame at the zone of contact with the shavings 
at the end of the 25-sec. exposure varied from 1075 to 1125 F. and 
averaged about 1100 F. as measured by a 14-gage chromel-alumel 
thermocouple. 

In some cases where there was no ignition of the shavings with 
the standard yellow flame, the use of a 4-in. (approximate tempera- 
ture 1450 F.) or 8-in. (approximate temperature 1550 F.) blue flame 
was introduced in order to determine whether the draft had any 
effect upon the burning rate or blaze height once ignition of the 
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Full Draf 
Kind of Wood 
0 10 
Red oak... Smoke 
Smoke 
| 
30 
100 100 
Smoke Smoke 
>. 100 
100 
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0 
100 
100 
ie | 100 
Katty 0 
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shavings had taken place, for a difference, if any, could only be 
noticed when at least a part of the shavings was consumed. Or, in 
other words, samples on the border line of passing the usual test 
were the ones where the effect of draft was most noticeable. The 
use of the blue flame was simply an attempt to increase the number 
| of burning samples. The results of these tests are summarized in 


Table I. 
| A study of this table (see last three columns) shows that of those 
F samples which passed using no draft all passed using slow draft 
at (20 lin. ft. per min.), and with full draft (100 lin. ft. per min.) the 
y a following percentages passed: American walnut 91.67; red oak 
Sart 57.14; poplar 50; sugar pine 85.7; knotty pine 50 and maple 40. 


Or for all samples which passed with no draft 17.4 per cent failed 
with full draft. In a number of cases, observation was made of the 
effect of draft upon the rate of burning and the percentage of the 
sample burned. These results are given in Table IT. 

It is clear from these results that the effect of full draft is quite 
pronounced In eight instances the specimen passed using no draft 
and slow draft but failed completely when full draft was used. In 
other instances the difference in rate of burning is very evident, full 
draft hastening the burning of the sample. A study of Table II also 
shows that in some cases only a partial burning of the sample occurs. 
It is sometimes noticed that a small hole will burn through the layer 
of shavings and then the blaze disappears. Because of such occur- 
rences the percentage of shavings burned was noted, and in these tests 
there were instances of from 5 per cent to 95 per cent as well as the 
zero and 100 per cent portions burned. Such occurrences were 
noticeable particularly when it was necessary to resort to a blue flame 
to obtain ignition. It is seen that the condition of partial burning 
occurs most frequently when full draft is used. 

During the progress of this investigation it was apparent that 
in the cases where a blaze was produced by the burning shavings the 
height of the blaze was considerably greater when full draft was used. 
As a result of over 200 observations on this particular point it was 
| found that with full draft the height of the blaze from the burning 
shavings was from 20 to 30 per cent greater than when no draft or 
slow draft was used. 

Another factor affected by draft conditions is the temperature 
of the burning shavings. This was measured in a :umber of cases 
by placing a thermocouple immediately above the upper surface of 
the shavings in the center of the metal basket during the test and 
measuring the temperature as the burning progressed. In this con- 
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nection it should be pointed out that there is sometimes a variation 
in the manner in which the shavings take fire and burn. Although 
the igniting flame was always placed under the center of the shavings, 
it was found that sometimes the shavings burned around the edge 
first, or at one side, instead of in the center. In such cases it was 
necessary to shift the position of the thermocouple relative to the 
basket so as to get as nearly as possible a correct temperature reading. 
The results of 70 tests made to determine the effect of draft on the 
temperature of the burning shavings are as follows: 


AVERAGE TEMPERATURE, DEG. FAuR. 5 

Kinp oF Woop No Drart Stow Draft Drart 


In all cases it was found that the temperature of the burning 
* shavings was greater when full draft was used. 

It was felt that the temperature of the hood might have some 
effect upon the shaving test, consequently 137 observations on this 
factor were made. The temperature of the hood in these tests varied 
from 15 C. (59 F.) to 50 C. (122 F.) and no effect was noticeable. 
_ This is undoubtedly due to the fact that the shavings were not in the 

hood long enough before test to allow them to reach the same temper- 
ature as the hood and, since in practice such is the case, no further 
tests were made. 
a One additional factor which seemed to have a bearing upon the 
Se test is the nature, size, etc., of the shavings. In preparing 


shavings for test it is found that i in some cases the shavings are short, 
slightly curled, with dimensions about ;y by } by lin. Such shavings 
are usually obtained from (a) the edge or surface of the wood, (0) all 
oak, walnut, chestnut and mahogany. On the other hand, long 
eaty, spiral- like shavings are obtained, dimensions about 3 by 1 in. 
= several inches to 3 ft. long from such woods as poplar, birch, pine 
- and maple. It was found that the short shavings packed more 
Closely in the basket were more resistant to ignition, burned more 
slowly, produced a shorter blaze and a lower temperature than the 
longer curly shavings, while the latter, because of their springiness, 

_ require more packing to obtain the same quantity of shavings. A 2-in. 
= of short shavings corresponds to a 3 or 4in. depth of curly 
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The pressure of the gas supplying the burner was maintained at 
from 3.8 to 4 in. of water at all times. 

Although not mentioned in the Building Code specifications some 
form of chimney or windshield is necessary to prevent the igniting 
flame being swept about by air currents. It was found that during 
a 25-sec. exposure, even with no draft, the flame was often actually 
in contact with the shavings less than 15 sec., consequently it was 
necessary to repeat the test. Furthermore, with full draft the con- 
tact between the flame and shavings during a 25-sec. exposure aver- 
aged less than 10 sec. Accordingly, a large number of tests was made 
using a chimney 3 in. in diameter and 6 in. in height (Eimer & Amend 
No. 19392) with the result that there was practically no flickering of 
the flame with no draft or slow draft, and in the case of full draft the 
flame was in contact on an average of between 15 and 20 sec. dur- 
ing a 25-sec. exposure. In some cases using full draft it was neces- 
sary to place the top of the bunsen burner as close as 1} in. to the 
wire screen in order to provide constant contact between the flame 
and shavings. 


Conclusions (Shaving Test): 

This study brought out the following regarding the shaving test: 

1. The results with slow draft were practically no different from 
those with no draft. 

2. The effect of full draft was pronounced in causing (a) the 
failure of approximately 17 per cent of the samples which passed 
using no draft and slow draft; (6) an increased rate of burning of the 
shavings; (c) an increase of 20 to 30 per cent in the height of the 
blaze of burning shavings; (d) flickering of flame resulting in irregular 
contact between igniting flame and shavings; (e) increase of approx- 
imately 50 per cent in the temperature of the burning shavings; 
(f) spotty or partial burning of shavings. 

3. The shaving test, although a valuable plant test, is unreliable 
and of no value on kiln-dried material. 


Crip TEST 

i The idea of employing a number of small pieces of material (of 
approximately } by } by 6 in.) arranged in equally spaced tiers was 
suggested early in the history of fire-retardant wood. In 1887, 
Boudin and Donny! of the University of Ghent devised a test consist- 
ing of four sticks, approximately 3} in. square and 16 in. long, placed 
in a revolving cylinder heated by a row of 5 bunsen burners. Later, 
they used 36 sticks, approximately 4 in. square and 8 in. long, arranged 


1 Boudin and Donny, “Rapport sur les procedes destines a assurer I’inflammabilite des bois,” 
Ghent, Belgium (1887). 
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li 6 tiers of 6 sticks each, placed upon a heavy wire gauze. As a 
_ source of heat they used small bundles of splints weighing 35 g. each. 
any = In 1902, Charles L. Norton! used a similar test which he described 
oo ae a as the ‘‘cob house’’ test. The sticks (? by } by 6 in.) were arranged 
in tiers, those of alternate layers being placed at right angles, and 
- this test seems to have served as a basis for the crib test now used by 
7. the New York Department of Buildings. 
In the tests referred to above it was customary to use an equal 
number of sticks in each layer or tier. The records show, however, 
; that during the period around 1912 the New York Department of 
Buildings specifications called for 10 sticks arranged 4 tiers high with 
_ 4 sticks in the bottom layer, 3 in the second, 2 in the third and 1 stick 
on top. Later the number of sticks was increased to 20 and these 
_ were placed in 5 tiers of 4 sticks each as described in the present 
specifications of the Building Department as follows: 
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Crib Test.—Twenty samples are to be prepared, each } in. square and 6 
in. long. These shall be built up on a ring support to form a crib work 5 tiers 
high, 4 sticks to a tier, making the crib 6 by 6 in. and approximately 2} in. high. 

_ The crib shall be set 6 in. above a bunsen burner to which the crib shall be 

_ exposed for a period of 1 min. at a temperature approximating 1200 F. The 
flame must not persist more than 20 sec. after the bunsen burner is removed, 
nor the glow last more than 30 sec. The tendency of the flame to spread from 
stick to stick must also be noted. 


stick to stick must also be noted” is not sufficiently definite to permit 
classification of a given sample as having failed or passed the test. 

In carrying out the investigations described here it was proposed 
to establish experimentally a basis for the conditions of the test. 
It appeared desirable to obtain information upon the following: 

: The effect of air velocity or draft in the hood. 

. The effect of changing gas pressure. 
The method of establishing the temperature of of the igniting 
The effect of moisture content of wood. 
The minimum and maximum number of sticks or tiers which 
‘oul be used. 
The relation between the time of exposure to the igniting 
Psy and the percentage loss in weight. 
7. The relation of height of blaze from the burning crib and its 
: : temperature to the fire-resistive qualities of the wood. 


a The statement that “the tendency of the flame to spread from 


! Report No. 1,“ Fire-Proof Wood . . . . So-called,”’ Insurance Engineering Experiment Station, 
¥ Boston, Mass., August, 1902. 
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8. The relation of duration of flame or blaze after removal of 
the igniting flame to the fire-resistive qualities of the wood. 
9. The relation of duration of glow to the fire-resistive qualities 


10. The relation of the percentage loss in weight to the fire-resistive 
qualities of the wood. 

1. Effect of Air Velocity or Draft.—Tests were conducted at air 
velocities of 20 and 100 lin. ft. per min. through the hood. The 
flame was protected from air currents by the use of a 3 by 6-in. chim- 
ney. With an air velocity of 100 lin. ft. contact between the flame 
and the specimen was maintained for less than one-fourth of the 
time and even then the flickering of the flame was so great that the 
bottom tier of sticks was barely charred on the bottom face. This 
condition was not materially changed by use of the chimney. It 


TABLE III.—AVERAGE RESULTS SHOWING THE EFFECT OF A FLAME OF APPROXI- 
MATELY 1200 F. For 1 MIN. UPON OvEN-DrRIED CHESTNUT MATERIAL. 


Twenty pieces per crib. 


Loss in | Percentage! Blaze | Continued Gl Number 

Number of Tests Tier | Weight, | f Whole) Height, | Flame, nan” | Of Pieces 

per cent Bact SA in. sec. Burning 

No. 1 6.38 37.70 
No. 2 5.23 31.40 pam 
ds No.3 3.19 19.90 0 
mi] | | 
3.33 0 0 4 0 


was found, however, that if exposure of the specimen to the flame, 
by holding the burner close to the bottom tier, was continued until 
ignition occurred then the higher air velocity caused a greater extent 
of burning. For uniform results, therefore, the use of such a high 
air velocity made tests worthless as a basis of measurement or 
comparison. 

2. Effect of Changing Gas Pressure.—It is of course obvious that 
the size of flame as well as its temperature are both affected by the 
pressure of the gas supplying the flame. Consequently, the tests 
described here were conducted at a gas pressure which varied only 
from 3.5 to 3.75 in. of water. Under such conditions uniform results 
were obtained. 

3. Temperature of the.Igniting Flame.—According to the speci- 
fications of the New York Department of Buildings, the crib is to 
be placed above a bunsen burner and exposed to a temperature 
approximating 1200 F. However, no method for determining or 
establishing that temperature is prescribed. In these tests the flame 
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temperature was measured by use of an 8-gage iron-constantan 
thermocouple. A flame adjusted so that such a thermocouple registers 


1200 F. + 25 F. is approximately 7.5 in. high with a slight indication 


of yellow just above the green inner cone of the burner. 
4. Effect of Moisture upon Loss in Weight.—In order to determine 
the effect of moisture upon the crib test, sufficient material to prepare 


- two 5-tier cribs was dried to constant weight in an oven at 105 C. 


_ (220 F.). This material, when tested, gave the results shown in 
Table IIT. 

Since the average percentage logs for ordinary kiln-dried material 
containing approximately seven per cent moisture, as shown by the 

_ averages for 20 pieces in Table V, is 2.69 per cent, the presence of this 


amount of moisture has a slight influence in reducing the percentage 


loss in weight. The oven-dried material takes up moisture very 


_ rapidly and this requires rapid work in making tests on such material. 


5. Minimum and Maximum Number of Sticks or Tiers that 
Should be Used.—Since one of the objects of the crib test is to measure 


_ the tendency of the material to communicate flame and build up 


_ temperatures, it is obvious that a single tier of four sticks would not 
_ give this information. Furthermore, since the igniting flame is 
capable of reaching from 1 to 1} in. above the iron ring support, 
a sufficient number of tiers should be used which would utilize the 
entire flame available. These considerations lead to the conclusion 


that two tiers or eight sticks would be the minimum number from 


which the desired information on communication of flame, etc., could 
be obtained. 

| It might appear that the length of flame impinging upon the 

specimen, that is the upper 1} in., would determine the maximum 

- number of tiers which could be used. However, it is found that a 
- flue or chimney effect is introduced which makes it possible for the 

_ flame to reach a height greater than three tiers. This is shown by 


i -. the appearance of the blaze above the top of the crib, and also by 


the loss in weight of the top tier even when seven tiers were used. 
In order to determine the effect of the flame upon cribs of vary- 
ing numbers of sticks, a number of tests were conducted using 8, 12, 
16, 20, 24 and 28 sticks per crib. The sticks were placed in tiers of 
4 pieces each and alternate layers were placed at right angles. Each 
tier in some cases was weighed separately before and after exposure 
_ to the flame and the loss in weight calculated. These data together 
_ with information on other factors such as the height of the blaze 
_ formed by the burning crib, the duration of flame and glow after 

removal of the igniting flame, etc., are given in Tables IV and V. 
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Comparable data can be obtained only when uniformly treated 
material is used. Variations in kind or extent of treatments or in 
species of wood introduce other variables which render conclusions 


TABLE IV.—AVERAGE RESULTS SHOWING THE EFFECT OF EXPOSURE OF THE CRIB 
OF CHESTNUT MATERIAL TO A FLAME AT APPROXIMATELY 1200 F. FoR 1 MIN. 


Number 
Glow, of Pi 
sec. Burning 


TABLE V.—AVERAGE RESULTS SHOWING THE EFFECT ON CHESTNUT MATERIAL OF 
A FLAME OF APPROXIMATELY 1200 F. FoR 1 MIN. UPON THE DIFFERENT 
TIERS OF THE CRIB. 


Loss in - Blaze 
Weight, Height, | Flame, 
per cent in. , 


more difficult. Chestnut was selected because it offers visible evi- 
dence on the thoroughness of the treatment and thus the likelihood 


of error in interpreting results was obviated. 
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From the ‘se data it is found that the percentage loss in weight per 
tier becomes practically constant with 6 tiers. This number would 
thus represent the maximum number of tiers necessary for this test. 

6. Relation Between the Time of Exposure and the Percentage Loss 
in Weight—A number of tests were conducted at 1200 and 1700 F. 
using 12 pieces of treated chestnut per crib and varying the time of 
exposure from 1 to 4 min., as reported in Table V!. Similar tests 
for 1 and 2 min. at 1200 F. using 5-ply veneer are reported in Table 
VIII. In order to prevent burned or broken sticks from falling off 
the iron ring support, the crib was built up on }-in. mesh wire gauze. 

The results obtained in using both 1200 F. and 1700 F. flame 

indicate a constant relationship between time of exposure and per- 
centage loss in weight. 

TABLE VI.—AVERAGE RESULTS SHOWING THE RELATION OF TIME OF EXPOSURE 


To Loss IN WEIGHT FOR CHESTNUT MATERIAL. 
Twelve pieces per crib. 


Time of | Loss in | Number 
Exposure, | Weight, . | Glow, | of Pieces 
min. per cent i » sec. | Burning 


Frame or 1200 F. 


285 


As a final check upon the correct time of exposure to employ in 
the crib test, two series of tests were performed in which a definite 
amount of untreated wood was introduced. In one series 9ne stick 
of untreated chestnut was included with eleven sticks of treated 

_ material, the untreated stick being placed in the bottom layer next 

to the center. In the other series cribs were prepared from 5-ply 

-_- veneer panels } in. thick containing treated and untreated material. 
The results are given in Tables VII and VIII. 

7. Relation of Height of Blaze from the Burning Crib and Its 
Temperature to the Fire-Resistive Qualities of the Wood.—In this series 
of tests the height of the blaze formed by the burning crib was 
estimated by placing a metal rule just behind the crib. The tempera- 
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er ture of this blaze was also measured by means of an 8-gage iron 
Id constantan thermocouple placed 4 in. above the center of the top 


st. layer of the crib. 
SS It was found that for a 1-min. exposure to a flame of 1200 F. 
F. the blaze temperature averages about 800 F. and for a 2-min. exposure 


of 
ts TaBLe VII.—THeE EFFECT OF THE PRESENCE OF UNTREATED CHESTNUT MATERIAL 
sle UPON THE TEMPERATURE PRODUCED AND LOss IN WEIGHT. 
oft Twelve pieces per crib. 
Time of | Loss in | Percentage Blaze Number 
ne min. per cent Present | deg. F < in. Burning 
1 7.57 7.32 900 5 135 0 1 
1 8.94 7.65 820 5 95 0 1 a 
1 8.25 7.91 950 4 94 0 
1 9 02 7.86 890 5 0 1 
RE TM csi oven 1 8.38 8.08 875 5 78 0 1 
Average........ 1 8.43 7.76 887 5 100 0 1 
1 95.02 100.0 1360 30 275 1070 
1 94.02 100.0 1260 30 295 1120 
er 
res Average for all 
ng untreated .... 1 94.52 100.0 1310 30 285 1095 12 
“pee TABLE VIII.—AVERAGE RESULTS SHOWING THE EFFECT OF THE PRESENCE OF UN- 
Le { TREATED MATERIAL UPON THE FIRE RESISTIVE QUALITIES OF VENEER. 
Twelve pieces per crib. 
Dimensions, in., and 
Treatment¢ 
Time of in of Blaze |Flame,| Glow, 
— Number of Tests | Exposure, | Weight, | Untreated Cross- i sec. | sec. | Pieces 
min. | percent| Material | Core |Band-| Face | Back | in. Burning 
ing 
1 5.04 | 23.10 AT | | 3 | 6 | 1 
2 9.81 | 23.10 | | | | 44+) 15 | 13 1 
2 | 32.55 | 38.92 T | | | | 15 | 102 | 147 12 
1 8.03 | 27.80 | 7 | | 107 2 
in 2 16.69 | 27.80 | 44T 9 | 118 | 62 4 
1 7.13 | 65.86 20 | | | 04 | 42 | «(16 0 
ite 2 | 77.90 | 65.86 | 20 | | | 20 | 387 | 821 | 12 
ick 
*T = treated; U = untreated. 
ted 
ext a temperature of about 1000 F. is reached, while the height of the 
ply blaze averages slightly less than 2 in. for a 1-min. exposure and slightly 
ial. more than 2 in. for a 2-min. exposure. It is probable that the time 


of exposure has more effect upon the temperature reached than upon 
the height of the blaze. These results are shown in Table IX. 

When definite measured amounts of untreated material are 
introduced, either as untreated sticks or as part of veneer, the effect 
is noticeable both upon the temperature and height of the blaze, as 
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awe in Tables VII and VIII. The greater effect is ees upon 
the blaze height which changes from less than 2 in. to nearly 5 in. 
for a l-min. exposure, while the blaze temperature increases approx- 
imately 100 deg. with the introduction of slightly more than 8 per 
cent of untreated material. 

8. Relation of Duration of Flame or Blaze After Removal of the 
Igniting Flame to the Fire-Resistive Qualities of the Wood. 

9. Relation of Duration of Glow to the Fire-Resistive Qualities of 
the Wood.—Examination of the data given above indicates that the 


TABLE IX.—THE RELATION BETWEEN LOssS IN WEIGHT AND THE TEMPERATURE 
PRODUCED AT THE Top OF THE BURNING CRIB FOR CHESTNUT MATERIAL 
(TEMPERATURE OF IGNITING FLAME 1200 F.). 

Twelve pieces per crib. 


Temperature 
at Top, 
deg. Fahr. 


760 
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“2 


740 
750 
800 
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duration of flame and glow both give a measure of the fire-resistive 
qualities of the material. This is particularly noticeable where 
known quantities of untreated material are present as shown in 
Tables VII and VIII. While it might be expected that flame and 
glow are capable of giving qualitative information on the presence of 
untreated material, it is found that they are not capable of giving a 
quantitative measure of untreated material. 

10. Relation of the Percentage Loss in Weight to the Fire-Resistive 
Qualities of the Wood.—The results obtained throughout this investi- 
gation show a fairly uniform relationship between the percentage loss 
in weight and the fire-resistive qualities of the material. This is 
particularly brought out by the results obtained by introducing 
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definite amounts of untreated material as shown in Tables VII 
and VIII. 

From the results of these tests it is evident that an exposure of 
1 min. at 1200 F. does not give as correctly the percentage of un- 
treated material present as is given by a 2-min. exposure. This is 
shown clearly by the percentage loss in weight of veneer containing 
both treated and untreated material. Particularly is this noticeable 
in the data given in Table VIII. Here it is apparent that a 1-min. 
exposure gives little if any evidence of the presence of over 65 per cent 
untreated material, whereas a 2-min. exposure gives a quite accurate 
measure of the amount of untreated material present. The total 
percentage loss in weight is slightly greater than the amount of 
untreated material present due to the slight charring of the treated 


TABLE X.—RESULTS OF EXPOSURE OF CRIB OF TWELVE PiEcES OF WHITE PINE 
TO A FLAME OF 1200 F. For 2 AND 3 MIN. 


Time of | 


material which is to be expected under these conditions. Further- 
more, in carrying out these tests it was observed that the blaze from 
the burning crib reached its maximum height at the end of 2} to 
23 min., and finally in those cases where the temperature produced 
by the burning crib was recorded it was found that it also reached a 
maximum at from 13 to 2 min. All of these factors, therefore, indi- 
cate that the exposure to the igniting flame in the crib test should 
be for a minimum period of 2 min. instead of 1 min. as at present 
specified by the New York Department of Buildings. 

In order to give the results of this investigation a more general 
application, information was obtained on a soft wood by conducting 
a series of tests using treated white pine at exposures of 2 and 3 min. 
The results obtained are given in Table X. 

These results when compared with results obtained for chestnut 
at an equal time of exposure as shown in Table VI indicate a slightly 
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greater resistance in favor of the white pine. ane the per- 
formance of the two woods shows a rather close agreement. 


Conclusions (Crib Test): 

The results obtained in the foregoing critical study indicate that: 

i. The velocity of the air in the hood during the test has a marked 
effect upon the results. Velocities greater than 20 lin. ft. of air per 
minute cause flickering or waving of the flame from side to side to 
such an extent as to preclude uniformity of results, even when the 
flame is protected by means of a chimney 3 in. in diameter and 6 in. 
high. 

2. A variation in gas pressure supplying the igniting flame of 
more than #5 in. of water gave pronounced difference in the flame 
temperature and in the percentage loss in weight in the crib test. 

3. The temperature of the igniting flame should be controlled 
by means of a thermocouple placed in the center of the plane of the 
bottom of the crib. 

Tests conducted at a temperature of 1700 F. show a greater 
percentage loss in weight per minute of exposure than tests at 1200 F. 
An exposure at 1700 F. for 1 min. gives a loss in weight of approx- 
imately 9 per cent, corresponding to an exposure of about 3.5 to 4 min. 
at 1200 F. Duration of flame and glow as well as height of blaze 
and number of pieces burning are all greater when a 1700 F. flame is 
used. It appears that equally satisfactory results are obtainable at 
either temperature. 

4. The moisture content of the wood has little appreciable effect 
up to 7 per cent moisture, the maximum present in these tests. The 
loss in weight is slightly greater for oven-dry wood, but the difference 
is less than 1 per cent. 

The number of tiers per crib should be greater than two so 
as to utilize all of the flame available, when adjusted to give a tem- 
perature of 1200 F. at the bottom of the crib. Furthermore, informa- 
tion on the tendency of the fire to spread from tier to tier can be 
obtained only if two or more tiers are used. On the other hand the 
maximum number of tiers is limited to those actually affected by the 
igniting flame. In the experiments described, the number of tiers 
varied from 3 to 7 and in no case was a loss in weight per tier greater 
than 1 per cent for those tiers above the fifth. It would seem imprac- 
tical, therefore, to use more than 5 tiers per crib. In all cases the 
percentage loss in weight is greater in the bottom or No. 1 tier and 
amounts to about 5 or 6 per cent. Since approximately 85 per cent 
of the total loss in weight is confined to the 3 lower tiers, it appears 
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that satisfactory results can be obtained by using 3 tiers and less 
time is necessary in preparing the samples. 

6. The time of exposure to the igniting flame should be at least 
2 min. This is shown particularly in the results from cribs made up 
of veneer containing known amounts of untreated material either as 
core, crossbanding or surface layers. An exposure of 1 min. is suffi- 
cient when the untreated material is on or near the surface of the 
test pieces, but when near the middle 2-min. exposure is necessary to 
indicate its presence. 

The factors which give information of value in the crib test are: 

1. Percentage loss in weight which gives an indication of the loss 
in strength or structural qualities. It also gives a measure of the 
amount of combustible material present as well as indicating the 
ignition resistance of the material. 

2. The height of blaze from the burning crib gives a measure of 
the degree of combustibility of the material present, also the tendency 
of the material to ignite, to communicate fire and build up temperature. 

3. Duration of flame indicates the presence of combustible mate- 
rial qualitatively but not quantitatively, also the tendency to spread 
or communicate fire. 

4. Duration of glow indicates the tendency of the material to 
spread fire by smoldering and may also indicate the tendency to form 
carbon monoxide. 

5. The temperature at the top of the burning crib indicates the 
amount of combustible material present, also the tendency to spread 
fire. 

Observation of these factors showed that all are important. 
However, it is thought that the percentage loss in weight, the con- 
tinued flame and glow and height of blaze are of most importance in 
supplying information concerning the fire-resistive qualities of the 
wood being tested. 


The timber test was devised by Ira H. Woolson of Columbia 
University Testing Laboratory. The dimensions of the test specimens 
as at first established were 1 in. square and 12 in. long, but were subse- 
quently changed to } by 1} by 12in. His method involved testing 
two pieces simultaneously by placing them over a 6-in. gas crucible 
furnace for 2 min. at a temperature of 1700 F. following which the 
length of time during which they continued to flame or glow was noted. 
Afterwards they were cut through transversely at the point of smallest 
cross-section, tracings were made of the unburned portion and the 
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area determined by the use of a planimeter. The particular tempera- 
ture of 1700 F. was chosen because it was the temperature given by 
the New York Building Code as approximately that of a burning build- 
ing and generally recognized as the conflagration temperature. 

The present specifications for the timber test as prescribed by the 
New York Department of Buildings are as follows: 

Timber Test.—Two samples } by 1} in. in cross-section and 12 in. long 
shall be laid side by side across the top of a gas crucible furnace with a pyrometer 
between them. The specimens shall be subjected to a flame of 1700 F. for 
2 min., the test pieces shall then be removed, and the time of duration of flame 
and glow observed. The sticks shall then be cut through the middle at the most 
burned section and the area of the unburned wood measured with a planimeter. 
The flame must not persist longer than 15 sec. nor the glow longer than 20 sec., 
and in the case of hardwoods, the unburned area should not be less than 55 
per cent, nor in the case of softwoods less than 45 per cent. 


These specifications do not entirely remove the personal element 
of the operator, for example, in the scraping away of the charred por- 
tion. Since the line of demarcation between charred and uncharred 
wood is distinguished by a color change which is gradual and not 
abrupt, the amount of material to be scraped away is based entirely 
upon the judgment of the operator. Furthermore, the point of smallest 
cross-section is likewise subject to the judgment of the operator and in 
many instances it is practically impossible to determine this visually. 

The object of this part of the study was to ascertain whether the 
timber test could be made to give additional information which would 
be free from the above disadvantage and yet give true and comparable 
data on the fire-retardant value of the specimen. The loss in weight 
suggested itself as in line with usual methods for determining combus- 
tion loss. The use of the percentage loss in weight removes an early 
criticism of this test made by C. F. McKenna.' Accordingly experi- 
ments were made upon treated and untreated specimens from eight 
species of hard and four species of soft woods involving over 500 sepa- 
rate tests. The tests involved exposure of the weighed specimen to the 
flame of a 6-in. gas crucible furnace? at a temperature of 1700 F. + 
25 F. for periods of 1, 2 and 3 min. The specimens were tested in 
pairs having their widest faces (13 in.) down and their inner sides 
(2 in.) in close contact immediately over the thermocouple measuring 
the temperature of the furnace. The outer sides of the specimens 
were flanked closely by fire brick as is done in official tests for the 
N. Y. Building Department. An additional fire brick was placed at 


1C,. PF. McKenna, “A Proposed Method of Testing Wood Treated to Resist Fire,"’ Journal, Am. 
Chemical Soc., April, 1903, p. 406. 
2 No. 2 Melter manufactured by the American Gas Furnace Co., Elizabeth, N. J. hg seamen 
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ace, thus exposing an equal area of each specimen to the fire. 


+ Duration of glow was not recorded after 5 min. 


= treated; U = untreated. 
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The specimens were then photographed, the char was scraped off, and 
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the specimen was again weighed and the loss in weight calculated. 


TABLE XI.—AVERAGE RESULTS OF TIMBER TESTS EXPOSED TO A FLAME OF 1700 F. 
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_ they were cut at the point of smallest cross-section. An imprint of 
the end of the specimen was made by use of carbon paper and the 
unburned area measured by means of a planimeter. 

The temperature of the furnace was measured by means of an 
8-gage iron constantan thermocouple. The tip of the thermocouple 
was placed in the top of the furnace immediately below the line of 
contact of the two specimens and extended 3 in. over the furnace. 
The furnace was heated until the temperature reached 1700 F. + 25 F. 


TABLE XII.—SumMMARY OF DaTA FROM TABLE XI FoR 2-MIN. ExposuURE ONLY. 


Number Loss in Weight, Percentage of Area Per- 
of Treat- per cent Unburned centage|Flame,| Glow, 
Specimens | ment* of Area} sec. | sec. 
Tested Burned 
Avg. | Max.) Min. | Diff. | Avg. | Max.| Min. | Diff. 

{ x 34.8) 39.4) 29.9) 9.5) 44.6) 50.7) 39.1] 11.6] 55.4 74 | 242 
10 17.6} 20.0) 15.6) 4.4) 64.4) 68.7] 61.7) 6.8] 35.6 9 0 
6 U 40.7) 46.8] 37.0} 9.8) 36.6) 50.8] 8.9) 41.9) 63.4] 372] 236 
8 T 18.5) 15.7| 19.9) 4.2) 66.6) 72.5) 58.9) 13.6) 33.4 0 
8 I 42.2) 49.7] 36.8) 12.9) 32.2) 39.1] 21.4) 17.7] 67.8 73 5 
10 T 22.4) 23.4] 19.8) 3.6) 55.1) 60.5) 51.3) 9.2) 44.9 4 0 
7 1 30.9) 35.0) 28.0} 7.0) 57.1) 63.1) 51.2) 11.9] 42.9 44 20 
8 T 18.9] 21.4) 17.3) 4.1) 66.1) 68.5) 64.0) 4.5) 33.9 9 0 
8 U 53.2) 75.1] 44.4) 30.7) 21.4) 38.2) 0.0) 38.2} 78.6 | 409] 864 
y 10 T 21.2) 22.4) 20.0) 2.4) 58.3] 64.0) 47.8) 16.2) 41.7 13 0 
6 U 39.4) 41.3) 36.7) 4.6) 46.5) 55.0) 40.3] 14.7) 53.5 | 251 83 
ee 10 T 19.9) 21.0) 18.5) 2.5) 59.9) 63.8) 53.4) 10.4) 40.1 ll 0 
6 U 49.5) 56.1) 45.3) 10.8} 21.3) 38.6) 7.6] 31.0) 78.7 | 301 | 1784 
10 T 19.0} 20.8) 16.7) 4.1) 70.2) 77.5) 67.0) 10.5} 29.8 10 0 
U 35.4) 40.7) 32.7) 8.0) 47.2) 52.6) 36.2) 16.4) 52.8 91 424 

10 T 18.5) 20.4) 16.6) 3.8) 65.4) 71.8) 59.3] 12.5) 34.6 10 
8 U 41.3) 42.7) 39.7) 3.0) 39.3) 41.7) 34.4) 7.3) 60.7 74 76 

10 T 23.5) 25.8) 21.4) 4.4) 54.7) 58.7] 50.4/ 8.3) 45.3 10 
10 U 46.1) 51.7) 40.8) 10.9) 23.7) 42.7| 0.0) 42.7; 76.3 | 312 192 
Yellow pine. ....... { 10 T | 21.2] 22.9] 20.2} 2.7| 56.2] 62.4| 50.7| 11.7) 43.8 0 
Poplar v 56.6) 68.3) 51.5) 16.8} 16.5) 22.2) 0.0) 22.2) 83.5] 339] 453 
10 T 24.9) 27.6] 23.0) 4.6) 50.5) 55.1) 45.3) 9.8) 49.5 10 0 
Redweed 41.1) 42.7) 38.5) 4.2) 40.0) 42.1) 38.0) 4.1) 60.0 62 2 
6 16.5} 19.6) 15.4) 4.2) 63.9) 72.3) 58.8) 13.5| 36.1 1 0 


*T = treated; U = untreated. 


and kept constant at this temperature. In practically all cases the 
tests were begun when the registered temperature was at a maximum 
of 1720 F. The presence of the cold samples caused an immediate 
drop in temperature of from 80 to 180 F., the lowest point usually 
being reached in } min., after which the temperature rose gradually 
to 1680 F. or 1690 F. at the end of 2 min. and to 1720-F. at 2} min. 
(that is } min. after removal of the specimens for treated samples). 

The results obtained in these tests are given in Tables XI to XIV. 
The great majority of these tests were carried out in series of eight 
or ten specimens but only the averages are given here. _ : 
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Tests on Built-U p Flooring: 

In applying the timber test to built-up flooring containing fire- 
retardant core and back and untreated face, it is found impractical to 
use the unburned area, or continuation of flame or glow as measures 
of its fire-resistive qualities because the untreated face veneer of 3% in. 
thickness usually separates from the core due to failure of the glue 
under the influence of the heat. Furthermore, in removing the char 
prior to cutting the sample at its smallest cross-section, the face veneer 
separates from the core and flakes off. As a result the unburned area 


TABLE XIII.—TeEsts oN Bum_t-Up FLoorinac. 


Containing 7 in. untreated face, $3 in. treated chestnut core and 7g in. treated chestnut backing. Tested at 1700 F 


| Number Loss in Weight, per cent Average Average 
Face Material § | of Tests Flame, Glow, 
sec. 


TABLE XIV.—TeEsts ON Bur_t-Up FLOORING EXPOSING THE ,FIRE-RETARDANT 
BACKING TO THE FURNACE AT 1700 F. FoR 2 MIN. 


Loss in 
Face Material Weight, | Flame, 
per cent sec. 


Chestnut backing 
exposed, white 
oak face 


unexposed 


4 


eccooceco 


cannot be determined accurately. It is observed also that the un- 
treated material continues to flame or glow after removal from the 
furnace for varying periods. However, an excellent measure of the 
degree of fire resistance can be obtained from a determination of the 
percentage loss in weight. That this is possible is shown by the data 
given in Table XIII in which is shown the average results. The nat- 
ural resistance of hardwoods to fire penetration is supported by the 
fire-retardant core and backing to a marked extent. 

Comparison of the data in Table XIII with that in Table XII 
indicates the value of the fire-retardant core stock in preventing a 
great lossin weight. In other words, the loss in weight for the built-up 
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flooring is slightly greater than that for completely treated material 
but is much less than that for untreated material. The duration of 
flame and glow is also decreased markedly. 

In testing built-up flooring, one series of samples containing un- 
treated white oak face was tested with the fire-retardant chestnut back- 
ing exposed to the furnace. The lower losses in weight obtained indi- 
cate clearly the increased fire resistance of the treated material. They 
further show the tendency of the unexposed untreated white oak face 
to continue to flame and glow. These data are given in Table XIV. 
_ Examination of these tables discloses the following: 

1. Of all untreated specimens (127) of both hard and soft woods 
tested at 2 min., only one specimen (red oak) retained sufficient 
unburned area to pass the New York Department of Buildings require- 
ments (45 per cent for soft woods and 55 per cent for hard woods) and 
all failed to meet the flame and glow requirements. 

2. Of all treated specimens (169) tested at 2 min., three chestnut, 
two maple and one red oak failed to meet the requirements as to un- 
burned area, and one fir (17 sec.), two maple (16 sec.) and one red oak 
(16 sec.) foiled to meet the requirements as to duration of flame (15 
sec.) by a margin of 1 to 2 sec. 

3. The percentage loss in weight and per cent of area burned per 
minute of exposure is greater during the first minute than in succeeding 
minute intervals. This shows the effect of the charcoal in retarding 
the combustion, which is appreciable even in such comparatively thin 
material (?in.). It is evident that the rate of loss ir’ both weight and 
area with time increases more rapidly for untreated than for treated 
wood. This shows the effect of the fire-retardant chemicals in forming 
a binder for the charcoal, causing it to become clinker- like and thus 
prevent fire penetration. 

4. The percentage loss in weight for a 2-min. exposure for treated 
material is roughly about one-half that for untreated material, while 

the per cent of area burned is approximately three fourths. 
ie 5. The percentage loss in weight is approximately one half as great 
as the per cent of area burned for treated material and two thirds as 

great for untreated material. 

ne >t 6. The difference between maximum and minimum values for per- 
centage loss in weight in the different groups is usually much less 
than the corresponding difference for unburned area except of course 
_ where the samples burned through. The average of these differences 
for percentage loss in weight is 4.2 for treated and 8.0 for untreated 
and for per cent of area unburned 11.5 for treated and 19.0 for un- 


- treated, showing that the values for percentage loss in weight are more 
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al 7. The maximum time of exposure is limited to 3 min. in the case 
of of practically all untreated woods because the specimens are burned 
through completely. This is very evident in the case of chestnut, pine 
1- and poplar and would probably be true of maple also. 
c- 8. The percentage loss in weight does not vary directly with the 
i- per cent of area burned in all cases. This shows the effect of natural 
vy variations in the texture or structure of the wood such as hardness, 
e worm holes, etc., and indicates clearly the advantage of using the per- 
] centage loss in weight as a measure of fire-retardant values instead of 


the per cent unburned area. The protective influence of the char is 


Is also indicated here. The widest variation in per cent unburned area 
t is noticeable in chestnut where worm holes were prevalent and in un- 
treated maple and white oak where a pronounced tendency to glow is 
d evidenced. 


9. The height of blaze above treated samples during test is always 
of the same order of magnitude as that of the unobstructed furnace 
- flame (that is, about 6 in.) but in case of untreated wood is usually from 


" 12 to 24 in. 
5 10. The time required for making the timber test after having 

prepared the samples is much greater when using unburned area as a 
r means of measurement than when using loss in weight. This was 
4 shown clearly in one series of 70 samples where the time required for 
y each operation was as follows: 
1 (a) Determining Unburned Area: 
1 1. Preliminary deternsination of dimensions............. 25 min, 
| 5 hr. 
; Total time 8 hr., 25 min. or an average of 7.2 min. per sample. 

(b) Determining Loss in Weight: 

“ cae Total time 72 min. or an average of 1.03 min. per sample. 

This shows a saving of time of more than 6 min. per sample in favor 
of the determination of loss in weight. It is therefore a decided step 
toward simplification. 


11. The use of a specimen 10 in. long and a furnace 6 in. in diam- 

eter gives an exposure of 60 per cent of the lower surface of the speci- 

men to the fire. Since the walls of the furnace are at a full red heat 
an additional burning effect is obtained in this connection which 
amounts to an additional 20 per cent. In the same manner a burning 
effect is obtained from the flanking bricks which are also at a red heat. 
Thus we have an exposure of approximately 50 per cent of the surface 
area of the specimen to the furnace. The effect of the flanking brick 
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upon the specimen is particularly noticeable when testing untreated 
material, the upper surface of such specimens invariably burning to a 
marked extent. 

12. The time of exposure of the specimens in tbis series of tests 
has been varied from 1 to 4-min. Untreated wood decomposes to such 
an extent at 4-min. exposure that it is impossible to handle the speci- 
mens afterwards satisfactorily and in many cases the specimens fall 
apart and into the furnace. Consequently for comparative purposes 
an exposure of 3 min. was taken as the maximum and the data for 
4 min. omitted. While all calculations were made from data obtained 
in an exposure of 2 min., it is likely that an exposure of 3 min. is prefer- 
able since specimens will withstand this longer exposure. 

13. The importance of the information on duration of flame and 
glow is shown for both treated and untreated wood. While there is 
very little relation between the time of exposure and the duration of 
flame or glow, there is a qualitative relation between duration of flame 
and glow and the presence of untreated material. There is also a rela- 
tion between the duration of glow and percentage loss in weight and 
percentage of unburned area as is shown particularly in specimens of 
untreated maple, red oak and white oak. Both maple and white oak 
show a longer duration of glow and a greater loss in weight and area 
burned than red oak. This natural tendency of the wood to disinteg- 
rate through smoldering must be overcome by the fire-retardant treat- 
ment in order to place these woods upon a par with red oak or chestnut 
which shows less tendency to glow. 

14. In making measurements by means of a planimeter, extreme 
care is necessary to get readings of an accuracy of less than 0.02 in. 
With areas of the order of magnitude involvea here this would amount 
to about 2 per cent. We would consider then that this value repre- 
sents the accuracy with which such planimeter readings would ordi- 
narily be made. 

15. In all cases the charred portion of untreated woods was softer 
and more easily scraped off than that on treated wood due to the bind- 
ing or clinkering effect of the chemicals upon the latter. 


Conclusions (Timber Test): 
The timber test offers a suitable method for measuring the com- 

bustibility of fire-retardant wood and is particularly valuable in giving 

information on percentage loss in weight or strength, resistance to 

flame penetration and tendency to spread fire as shown by continua- 

tion of flame and tendency to smolder or glow. 

: The use of the percentage loss in weight is conside 


red more desir- | 
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able as a measure of fire-retardant value than the use of percentage 
unburned area due to the greater uniformity of results and also to the 
saving in time. rep. 
9 

A 10-in. specimen is preferable to one 12 in. in length. Shee 


The onlin 8 of veneered material is such as to permit a study 
of the effect of the presence of varying amounts of treated and un- 
treated material upon its combustibility. This investigation was 
undertaken to determine the effect of treated and untreated crossband- 
ing and face veneers upon the fire resistance of panels constructed of 
fire-retardant wood. The results given indicate clearly the effect of 
treated and untreated crossbanding upon the fire resistance of veneered 
stock. 

A number of tests used heretofore and some variations were in- 
vestigated with the result that the crib test and the fire-tube test were 
found to give the most satisfactory results. In this investigation the 
crib test has been extended so as to include percentage loss in weight 
of the test specimens as a measure of combustion loss or fire resistance 
and this factor alone offers a very satisfactory and convenient method 
of testing veneers containing fire-retardant crossbanding. 

The material used consisted of samples of 5-ply veneer panels, 
varying in thickness from 3 in. to 17; in. Each panel contained a core 
of chestnut or poplar, crossbanding of 4 or #,-in. poplar, face veneer 
of j,-in. untreated walnut and back veneer of ,},-in. poplar, all glued 
with hide glue. In order to obtain more complete and comparable 
data some panels containing untreated core stock were included in 
these tests. The thickness and treatment of the crossbanding and 
core were as follows: 


Sample Core* Crossbanding* Face* Back _ Total 
Thickness, 


-in. chestnut—T | }-in. poplar—U | y-in. walnut—U | poplar—U 
B -in. chestnut—T | 4-in. poplar—T | Ay-in. walnut—U | y-in. poplar—U 
-in. chestnut—T | poplar—T | #,-in. walnut—U | y-in. poplar—U 
D -in. chestnut—T | poplar—U | walnut—U | poplar—U 
E..................| $§-in. chestnut—T | y4,-in. poplar—T | ,-in. walnut—U | ,-in. poplar—T 
G 

H 


$-in. poplar—U | y-in. walnut—U 
| #¢-in. poplar—T | §-in. poplar—T | y-in. walnut—U | ¢-in. poplar—T 
Bs | chestnut—U | poplar—T | g-in. walnut—U fein. poplar—U 


§-in. chestnut—U | yin. poplar—U | pg-in. walnut—U | ,-in. poplar—U B 
}-in. poplar—U | yy-in. poplar—T | Ag-in. walnut—U | poplar—U 
poplar—T | py-in. poplar—U | walnut—U | poplar—U 
}-in. poplar—U | yy-in. poplar—U | Ay-in. walnut—U | poplar—U 


a, 


l 
5 } 
| | 
| 
2 
t 
— 
r 
4 
P 11—50 


HARTMAN, WILLIAMS AND BASTRESS 


Samples were submitted to tests as follows: re 


A gasoline blow torch has been used by previous investigators for 

_ making tests similar to those described here; consequently experi- 
ments with such a torch were made. It was found, however, that the 
ength of the flame and its temperature varied directly with the amount 


test unsuitable. Consequently, in order to have more constant and 
_ controllable conditions a bunsen burner flame was found preferable. e 


TABLE XV.—RESULTsS OF FURNACE TEST. ahd 


Core, 
in.* 


.| Glow, 
sec. 


390 
30 


T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 


1 

1 i 
is 
i is 
1 
1 ; 
1 
1 
is 
3 


rt bes treated; U = untreated. 


> Crossband apparently burned completely in 2-min. exposure, hence no flame for a: One-minute 
exposure seemed to give more complete data. are 


. Furnace Test: 4 
(a) Exposing Flat Surface of Panel. The susie © by 12 in.) 
was placed flat upon two fire bricks 3 in. apart over a 6-in. gas crucible 
~ furnace with the walnut face exposed to the fire at a temperature of 
1700 F. for 1 and 2 min. Results of the tests are shown in Table XV. 
There was no noticeable difference in appearance between treated and 
untreated crossbands. There was a marked difference in the length 
of time during which flame and glow continued. 
(b) Exposing Edge of Panel.—This suggested itself as a possible 
method of determining the effect of heat upon a separation of the 
layers of veneer, but proved inconclusive. The sample was placed on 


1 This test was suggested by Mr. George Strehan, Consulting Engineer, New York City, in a man- 
uscript under date of December, 1912, as “Slab Test."" Mr. Strehan specified no time eeecar ant, for 
the application of heat. 
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edge for 1 min. instead of flat as explained above. The flame and 


glow record shows a slight difference. The results are given below: 


SAMPLE FLAME, SEC. GLow, SEc. 
A—Untreated crossband 
B—Treated crossband 


G—tTreated.... 


Visible evidence shows very little sgeneades Flame and glow w results 


3. Horizontal-Flame Test: 


y A similar test has been described by H. A. Gardner,! as a torch 
test. A 3-in. blue bunsen flame was used with a measured tempera- 
ture of approximately 1200 F. at the tip. The sample was placed on 
edge in a vertical position and was exposed for 2 min. to the flame of 
a bunsen burner placed on its side so that the flame projected hori- 
zontally, the open burner tip being 3 in. from the sample. The flame 
and glow record follows: 


SAMPLE 


0 


Visible differences were not sufficiently pronounced to be noticeable. Ca 


There was a marked difference in duration of flame and glow. 


4. Flame-Penetration Test: 


Using a 3-in. blue flame as in the horizontal-flame test referred to 
above, the sample was placed flat on an iron ring 9 in. high. A }-in 
asbestos board, having a hole 3 in. in diameter, was placed beneath 
the sample and the exposure was continued for 1 and 2 min. on 12 
samples. These tests gave no data on flame and glow, and flame pen- 
etration was from ¢; to 3 in. for treated and untreated samples. On 
cooling, the crossbanding usually separated from the treated core stock 
and this made the determination of flame penetration an unreliable 


1 Bulletin 42, Educational Bureau, Paint Manufacturers Assn.; see also Lumber World Review, 
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indicator. The charred shell formed by the crossbanding served to 


insulate and protect the wood from the flame and so reduced the extent 


of burning. It is probable that this seemingly desirable test is not 


_ applicable as a rapid test of built-up woodwork or veneer stock. 


5. 45-deg.-Angle Test: 
This test was adapted from the Gardner data but it failed to give 


information on the tendency of veneers to separate under heat and the 
tendency of the veneers to burn. 


(a) A 3-in. blue flame was used as in the horizontal flame test 


referred to above. The sample was clamped at one end and held at 
an angle of 45 deg. The lower edge was exposed (2 in. above the 
burner) to the flame for 1 min. The results obtained in this test are 


given below: 


Face 
Material 
Treatment 


Walnut— 


Walnut—U 


*T = treated; U = untreated. 


; Some visible difference was noticeable but not sufficient to justify 

drawing definite conclusions. In all cases the burning of the face and 
back veneers introduced factors which gave a marked effect upon the 
results. The duration of flame record indicated a distinct difference 
between the treated and untreated material. A visible difference was 
also noticed betw een the effect of the walnut and poplar — and back 


_ density of these woods. 


(0) The use of a 6-in. blue flame gave practically the same results 


A more marked visible difference was —- 


The fire-tube test known as the Dunlap Fire-Tube Test? involves 
_ exposing the specimen for a period of 4 min. to an 11-in..+ 3 in. flame 
at a temperature approximately 1000 C. (1830 F.) so adjusted as to 
give a temperature of approximately 180 C. (355 F.) at the top of the 


1T. R. Truax and C. A. Harrison, ““A New Test for Measuring the Fire Resistance of Wood,” 
Proceedings, Am. Soc. Testing Mats., Vol. 29, Part II, p. 973 (1929). Ae POO eG, 
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tube. Schlegel' has used a modification of the fire-tube test in his 
studies on the fire-retarding action of chemicals. He used a specimen 
approximately § by 3 by 4 in. and a smaller igniting flame. 

It appeared likely that the height of the flame used in this test 
as well as the high temperature to which the specimen is exposed would 
give valuable information, particularly upon the separation of the 
veneer layers. Accordingly specimens were prepared from 7 panels, 
each specimen being ¢ in. thick, 40 in. long with a width corresponding 
to the thickness of the panel. For example, the specimens from 
sample A were cut 3 by 1 by 40in. instead of the usual size ? by ? 
by 40 in. used in the fire-tube test. 

The average results of these tests are given in Table XVI. 

This table shows that the fire-tube test gives a clear distinction 
between those panels which contain fire-retardant crossbanding and 


TABLE XVI.—Frre-TuBE TESTS ON VENEERED STOcK. AVERAGE RESULTS. 


Treatment* Per- Loss in Weight, Temperature at Top 
Number centage per cent of Tube, deg. Fahr. 
Sample of Tests of Un- 
Cross- treated 
Core| band | Face |Back | Material! Avg. | Max.| Min. | Diff. | Avg. | Max.| Min. | Diff. 
ee stsebewegaawie 7 T U U U 30.9 49 62 | 37 25 | 1214] 1350) 825) 525 
T T U U 6.9 21 26 17 9 341) 385 x10 75 
9 T T U 8.2 23 25 20 5 | 361) 420) 300) 120 
7 T U J U 17.9 43 56) 31 25 895) 1275) 470) 805 
5 T T U T 4.1 22 25 21 4 | 343) 410} 310) 100 
SR SES Re 5 T U U U 37.6 48 54 45 9 | 1305) 1320) 1285 35 
5 7 T U 7.0 18 19 16 3 | 360) 375) 340) 35 


those containing untreated crossbanding. In the case of panels which 
contain fire-retardant crossbanding it is noticed that there is close — 
correlation in the percentage loss in weight and the maximum temper- _ 
ature at the top of the tube. In addition, the thickness of the cross- 
banding seems to show its influence. For example, sample A contain- 
ing }-in. poplar crossbanding showed a percentage loss in weight of 
49 whereas sample D with ¥,-in. poplar crossbanding showed a per- 
centage loss of 43. The maximum temperature at the top of the tube 
was 1214 and 895 F., respectively. . 
With respect to the separation of the veneer layers due to the — 
breaking down of the glue, it was found that separation took place 


only in those specimens containing untreated crossbanding. Thiswas 


apparently due to the extensive burning of the sample caused by the 
presence of the untreated crossbanding. 
It should also be pointed out that in no case where the sample 


R. Schlegel, “ Untersuchungen tiber des Feuerschutzes von Holtz,” 


Verlag C hemie, 
Berlin (1934). ; 
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contained fire-retardant crossbanding was there any extensive burning 
of the face or back veneers above the area of general burning covered 
by the igniting flame. This might be attributed to the quenching influ- 
ence of the treated material on the spread of flame in the untreated 
material. 

Finally it should be noted that in all cases when the specimen 
contained untreated crossbanding a blaze of 6 to 18 in. in height ap- 
peared above the top of the tube. When, however, the specimen 
contained fire-retardant crossbanding the blazing of the specimen was 
confined to the lower half of the specimen. 

It would appear that the fire tube offers a possible method for 
testing veneer stock. The outstanding disadvantage of this test is the 
fact that pronounced warping of the specimen often takes place neces- 
sitating the operator constantly following the lower end of the specimen 
with the flame. This introduces the personal equation of the operator, 
which is undesirable. This warping acts also as a damper upon the 
flame, resulting in marked variations in the temperature at the top of 
the tube. As a result a direct relationship between loss in weight and 
built up temperatures, as shown at the top of the tube, is not always 
obtained. This is shown by comparison of samples B and G or C and 
G in the averages of Table XVI. Furthermore, the fact that the test 
specimen must be 40 in. in length offers a practical handicap in obtain- 
ing samples for testing. If shorter pieces are obtained and spliced 
together so as to obtain a 40-in. sample, the test is still more unsatis- 
factory due to more extensive warping and requiring special care in 
preparing the test specimens. 

The fire-tube test does not show a uniform relation between the 
amount of untreated material present, the total loss in weight and the 
temperature at the top of the tube. This is shown clearly in comparing 
samples A, D and F. Sample A containing almost 31 per cent of 
untreated material shows a loss in weight of 49 per cent and a temper- 
ature of 1214 F., while sample D, containing practically 18 per cent of 
untreated material, shows almost the same loss in weight but much 
lower temperature (895 F.), and sample F, containing nearly 38 per 
cent of untreated material shows very little more ‘oss in weight than 
sample D and even less than sample A, which has less untreated 
material present. 

It is also noted that quite large differences between maximum and 
minimum values are obtained both in temperature and weight loss 

measurements, particularly in cases where untreated material is pres- 
The presence of fire-retardant material reduces these extremes 
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7. Crib Test: 


In determining the fire-resistant value of the material used in these 
tests four factors have been used as a basis of comparison. These are 
the height of the blaze formed by the burning crib, the duration or 
continuation of flame or blaze after removal of the igniting flame, the 
duration of glow, and the percentage loss in weight. 


TABLE XVII.—CoMPARATIVE RESULTS OBTAINED UsinG EIGHT AND TWELVE 
STICKS PER — 1 MIN. Exposure, 1200 F. 


verages of six tests. 
snieneeiiaiiitatiltina Bottom layer from front to back Nos. 1, 2, 3, 4; second layer from 
tt tonal enon Be 7, 8; "s; third layer from front to back Nos. 9, 10, 11, 12. 


boas Treatment* Percentage} Number | Ave: Average | Average Blaze 

en of of Pieces pay 9 Flame, Glow, Height 

2 Sample Untreated| in Crib | Weight, sec. sec. from 

sa Core | Cross- | Material per cent Burning 

band Crib, in. 

T U 39.3 8 13.8 142 180 
12 17.7 274 320 10 

T 14.3 48 ll 4 q 
12 5.5 25 0 4 

T T 14.3 8 5.1 17 15 4 
12 5.7 20 0 4 

T U 30.9 9.5 65 201 12 
12 10.1 110 120 8 

T T 7.1 8 4.7 5 18 
12 48 8 4 

T U 10.7 8 12.9 195 250 6 
12 57.4 741 10 

T T 7.1 8 4.2 0 3 4 
12 3.7 0 4 4 

utkwidesactvddd site U T 83.3 8 18.0 109 72 10 
12 78.8 346 460 14 

U U 100 8 81.2 334 626 18 
12 87.3 275 552 24 

U T 65.9 8 6.1 29 19 
12 7.7 49 0 4 

T U 46.7 8 34.7 234 315 12 
12 68.4 526 693 16 

U U 100 s 88.3 521 18 
12 92.0 325 1115 24 

T 7 15.2 4.2 6 6 4 
12 4.3 0 4 4 

© T = treated; U = untreated. 


In cases where the sample had a thickness of more than § in. es a : 
specimens were cut to the regulation size of } by } by 6 in. before abs ye = 
testing. The samples were prepared so that one- “half the sticks had 
the poplar back veneer side left, and one-half had the walnut a. 
veneer left. In other cases, where the thickness was in. or less, the 
samples were cut to 3 in. by that thickness, thus having both back and bh: 
face veneers present. Using 8 and 12 pieces for each test, the samples we 
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were arranged in crib form so that all veneer sides (face or back) were _ 
turned toward the'center. In other words, the center opening had 
veneer exposed on all four sides. The bottom layer (and alternate — 
layers) was composed of the sticks having the walnut face veneer left __ 
and the second layer (and alternate layers) of the sticks having the 
poplar back veneer left. Six tests upon each sample were made using | 
8 pieces per crib and usually one test using 12 pieces per crib for check _ 
purposes. The average results obtained in these tests are given in — 
Table XVII. 

In view of the fact that the results obtained in exposures of 1 min. 
do not give a correct measure of the amount of untreated material | 
present, a series of tests was made on certain samples using 12 pieces — q 
per crib, and testing at a temperature of 1200 F. for 2 min. It was | 
found that the percentage loss in weight corresponded more closely to _ 


Taste XVIII.—AveraGe ResuLts FROM ExposuRE OF CrIB OF TWELVE Pieces 
EACH TO A FLAME OF 1200 F. FoR 2 MIN. 


Treatment* Loss in Per- 

Weight, | centage of 

per cent | Untreated 
Material 


Cross- 
band 


“T = treated; U = untreated. 


the actual amount of untreated material present than when tested for 
1 min. The presence of untreated material protected on two sides by 
treated crossbanding was not shown in 1-min. tests. However, the 
2-min. exposure showed this up clearly. This is brought out particu- 
larly in sample K. The average results obtained in these tests, using 


6 tests for each sample, are given in Table XVIII. a). page 


Conclusions (Veneer and Built-Up Woodwork): 


Fire-retardant crossbanding gives pronounced support to the fire- 


resistive qualities and affords protection against spread of flame in 
built-up panels containing treated core stock. The effect of fire- 
retardant back veneer ,j, in. thick is also noticeable as is shown by 
comparison of samples C and E as well as sample G in Table XVII. 

The crib test offers a suitable and adequate means of measuring 
the fire resistance of veneered panels; particularly, if the test is en- 
larged to include the percentage loss in weight of the samples, and the 
exposure is for a minimum of 2 min. 


RTMAN, WILLIAL BASTRES: 
4 Height, | Flame, | Gh Number 
eight, ow, 
Sample in. sec, sec. | Pieces 
39.3 15 | 190 31 12 
i 747| 143 3 35 2 2 
U U 6.70} 14.3 4 24 3 2.5 
U U U 23.3 30.9 9 225 0.5| 8.5 
T U U 77.9 65.86 20 387 821 12 
*.f L U U U 77.0 46.7 19 421 315 , ee 
N U U 6.93 | 15.2 5 36 7 
| 
— 
- 


On MEASURING OF RETARDANT Woop 


The presence of untreated crossbanding causes an increase in the 
duration of flame and glow, percentage loss in weight and height of 
blaze from the burning crib. It is also evident that the percentage 
loss in weight varies directly with the duration of flame and glow. This 
would seem to justify the use of the weight loss as a means of measuring 
fire resistance or combustibility. 

The mean percentage loss in weight for all samples containing 
treated core and crossbanding is 4.8 and that for treated core and un- 
treated crossbanding 38.1. The differences between panels containing 
treated and untreated crossbanding are thus clearly defined. The 
differences in loss in weight as well as in flame and glow are sufficiently © 
pronounced to form a basis for specification requirements. 

It is noticed that the number of pieces used in each test makes — 
little difference in a 1-min. exposure when the core and crossband are _ 
both composed of treated stock. This is shown in the averages for 
8 pieces and for 12 pieces in the cases of samples B, C, E, G and N, 
where the loss in weight is of the same order. Such is also the case 
regarding a completely untreated panel as shown by samples J and M. 
However, where either core or. crossbanding is of untreated material _ 
the differences observed when using 8 or 12 sticks per crib are very __ 
pronounced. 

The case of sample K is very interesting. Here the total thickness _ 
of the panel was approximately 4 in. and both face and back veneers 
as well as crossbands were present. The protection giventhe untreated 
core by the treated crossbanding gives excellent evidence of the value > 
of treated crossbanding. Although the sample contained over 65 per 
cent untreated material, its presence was not indicated by a 1l-min. | 
exposure. A 2-min. exposure, however, is sufficient to give a fairly _ 
accurate measure of the amount present. Se 

Comparison of samples K and H further accentuates this protec- aie 
tive influence. Sample H also contained untreated core stock, but 
being a thick panel only one side or edge of each crib piece was pro-_ 
tected by the treated crossbanding, leaving three sides exposed to the ae 
flame and as a result fire effects were more pronounced. 

It was also noticed that there is a relationship between the separ- — a 
ation of the crossband from the core and the percentage loss in weight. 
In cases of treated crossband there was practically no flame spread Ls 
and only the two center pieces of the bottom layer showed any separ-_ sat me 
ation of the crossband and core. rviet 

In cases where pronounced burning of the crib took place, the 
pieces would tend to separate at the middle and thus cause the crib to 
fall apart. In order to make the final weighing, it was necessary t 
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collect these fragments carefully. This was done by placing a 12-in. 
square piece of fire-retardant veneer under the crib after the removal _ 
of the igniting flame and this served to catch all falling — nts. uf 


most useful hereeceney is obtainable from the crib test and the hong 
tube test. 

It should be borne in mind that the crib test involves an exposure A 2 


that an exposure of 2 min. instead of 1 min. in the crib test gives a a 
clearer line of demarcation between treated and untreated material, ne 
also a more accurate measure of the amount of untreated material | bd 
present. The crib test, however, seems to offer certain advantageous 
features over the fire-tube test. Among these may be mentioned: 4 

1. The difference between the percentage loss in weight for treated 
core and crossbanding as against treated core and untreated cross-— a8 
banding is much greater in the crib test than in the fire-tube test. The eet 
crib test thus shows a greater ratio and places a higher value upon 
lower combustible content. 

2. The height of blaze can be observed and measured more accu- ¥ ») 
rately in the crib test than in the fire-tube test. This is partially due 
to the effect of the draft in the latter. In many instances where the 
face or back veneer as well as the crossbanding was blazing slightly it 
was clear that the blaze was extinguished by the draft in the tube. 
Since the extent of blazing gives a measure of the amount of combus- 
tible material present as well as the tendency to communicate flame, 
the crib test seems superior at this point. 

3. Spread of flame from stick to stick in the crib test gives a more 
reliable measure of the tendency to communicate flame than can be 
obtained in the fire tube where only one stick is used. 

4. Crib test specimens can be prepared from a sample 6 by 7 in. 

in surface area. This is a highly important factor to the inspector 
when selecting samples for test since waste material can be utilized. 
If the 40-in. fire-tube-test specimen is made up from such a short 
sample the test is much less satisfactory due to the difficulty in pre- 
paring the sample and to warping during test. No splicing is necessary 
in preparing crib-test specimens. 

The average loss in weight for panels containing treated core and 
crossbanding is approximately 5 per cent for 1 min. and 7 per cent for 
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2-min. exposure (Tables XVII and XVIII). For panels with treated 
core stock and untreated crossbanding the average loss in weight is 
18 per cent using 8 pieces per crib and 38 per cent using 12 pieces per 
crib for 1-min. exposure and 77 per cent, using 12 pieces, for 2-min. 
exposure; for panels with untreated core and treated crossbanding 
19 per cent using 8 pieces per crib and 79 per cent using 12 pieces for 
l-min. exposure; and for panels completely untreated 85 per cent using 
8 pieces and 90 per cent using 12 pieces per crib for 1-min. and 94 per 
cent for 2-min. exposure. The fact that a crib containing 12 pieces 
gives a greater percentage loss ratio between panels containing treated 
and untreated crossband is sufficient reason to justify using 12 pieces 
instead of 8. This is shown by Table XVII. 

The average duration of flame and glow (using 12 pieces per crib) 


for panels containing treated core and crossbanding was less than 10 


sec. for 1-min. exposure; for panels with treated core and untreated | 
crossbanding—flame 393 sec., glow 481 sec.; for panels with untreated 
core and treated crossbanding—flame 132 sec., glow 140 sec.; and for 
untreated core and crossbanding—flame 364 sec., glow 572 sec. 


The height of tie blaze formed by the burning crib also givesa 


measure of the fire-retardant quality of the wood. Where both core _ 
and crossbanding were of fire-retardant material, the blaze height — 
averaged less than 4 in., whereas in cases where either core or cross- 
banding was untreated, the height of the blaze was much greater. 

In certain cases (samples J and M of Table XVII) it ss observed 


that the duration of flame is less for cribs containing 12 pieces than | 


for cribs containing 8 pieces. This is attributed to the fact that the — 


sticks burned more rapidly in the former case due to the presence of 


more fuel or untreated wood. 


The fire tube also offers a possible method for testing veneer 
material. Since the test specimen must have a length of 40 in. a 


greater quantity of material is required for test purposes unless the Bee 
specimen is spliced. This causes even more warping of the specimen 


during testing than the already pronounced warping noticed in a single “4 


piece, and since the personal judgment of the operator is thus intro- i 


duced it forms a disadvantage of this test. The construction of the 


fire tube makes it difficult to observe the height of the blaze during . 7 


burning and impossible to observe the duration of glow, consequently 
the test is limited to a measure of loss in weight and temperature pro- 
duced by the burning specimen. ; 
The crib test has been extended to include a measure of the tem- 
perature built up above the burning crib and a direct relationship is 


found to exist between the percentage loss in weight and the temper- | 
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ature. ‘This same relationship is evident in data obtained with the 
fire tube and it appears unnecessary to record two results whos 

SUMMARY 
as, Of all tests studied, the crib, timber and fire-tube are the only 
<4 ones which are considered suitable for testing fire-retardant wood. 
‘e No single test is capable of giving all of the information desired. The 
r crib test seems to be the best single test because it is capable of giving 
most information, requires a small amount of material for test speci- 
mens and requires no elaborate or expensive equipment for its per- 
formance. Sufficient information can be obtained from a combination 
of these tests to serve as a basis for specifications for fire-retardant 
treatments. The shavings test, although a desirable plant test because 
of the short time required to dry and test wet shavings, is unsuitable 
for testing kiln-dried material. 
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Mr. H. C. Porter.'—This paper interests me from the general 
standpoint of combustibility tests. The author mentioned that the 
moisture content in the wood made little if any difference in the result 
of his combustibility test, even if 7 per cent were contained. Now 
loss in weight, which I understand was measured in the so-called 
“crib”’ test, may be due to three causes, loss of moisture, loss of vola- 
tile matter of decomposition, and lass by combustion, or action of 
oxygen of the air on the material. It seems very strange that a 
material with a moisture content of 7 per cent would not give a larger 
loss of weight by such a test than a kiln-dried material of much less 
moisture content, unless the results perhaps were corrected to an equal 
moisture basis. Sometimes, I believe organic materials of higher “*in- 
herent” or colloidally-held moisture are more easily combustible than 
others of lower moisture content. 

Mr. A. S. WitiaMs.*—Kiln-dried material is usually dried to a 
moisture content of from 5 to 8 per cent. What Mr. Porter probably 
has in mind is oven-dried material. In the crib test the weight of the 
specimens is about 125 g. for 12 pieces. If the material contains 7 per 
cent moisture, then there would be 8.75 g. of it in the entire crib or 
approximately 2.2 g. per tier. About 50 per cent of the loss in weight 
is from the bottom tier or bottom layer. Then a loss of 10 per cent 
for the entire crib would involve a loss of 6.25 g. in the bottom layer, 
2.2 g. of which would be moisture if all moisture is lost from the bottom 
layer, which is doubtful. It is probable that less than 50 per cent of 
the moisture is lost by the crib which would equal about one-third 
of the total loss. The absence of moisture in oven-dried material seems 
to increase the rate of burning slightly. 

Mr. C. R. Brown’ (by letter) —The paper is a valuable contribu- 
tion as a study of the shavings, crib, and timber tests. Some conclu- 
sions are based on tests with samples consisting of various mixtures of 
treated and untreated wood which would not be applicable to tests 
with samples made up of uniformly treated wood with various con- 
centrations of treatment. In other tests, there is said to be a relation 
between the duration of flame and glow and the presence of untreated 
material. Although these can be said to indicate qualitatively the 

1 Chemical Engineer and Chemist, Philadelphia, Pa. 


_ # Director, Testing Laboratory, Protexol Corp., Kenilworth, N. J. 
3 Assistant Physicist, National Bureau of Standards, Washington, D. C. 
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presence of such material, the results do not always show that the 
percentage loss in weight varies directly with the duration of flame 
and glow, and the latter may be shorter for untreated material than 
for partially treated material. 

Loss in weight is concluded to be a direct measure of the amount 
of untreated material in the crib test with 2-min. exposure, con- 
sidering the results with 65 per cent untreated material. While 
undoubtedly some relation exists, it is not uniform over the entire 
range as can be seen by comparing the data for various other amounts 
of untreated material. Also, loss in weight does not necessarily give 
an indication of the loss in strength, which may become appreciable 
before much loss in weight occurs, as has been shown by strength tests 
made at temperatures well below the ignition point. It is likewise 
doubtful if loss in weight or height of flame is a measure of the resist- 
ance to ignition. With regard to the conclusions made from the study 
of effect of moisture, while the reduction in weight loss is small in 
absolute figures, for the range 0 to 7 per cent moisture, it amounts to 
about 20 per cent relatively. Also, it is not certain that a uniform 
relation exists in the given moisture range. 

In the discussion of the crib tests, mention is made of the relation 
between certain factors and the “fire-resistive qualities,’ but the latter 
term is not defined, nor is it stated how it is measured. In discussing 
the timber tests, reference is made to the ‘‘natural resistance of hard- 
woods to fire penetration.”” We do not know of any experimental 
proof of this assumption regarding hardwoods. 

The shavings test is clearly not satisfactory for specification pur- 
poses, as shown by the paper, but it might be improved by using the 
percentage of shavings consumed as a criterion of failure rather than 
the duration of flaming. In the crib test, a larger number of tiers 
might be of value as it would permit a spread of flame beyond the 
region attacked by the burner flame. The timber test can hardly be 
expected to give any information on the resistance to flame penetra- 
tion as the time of exposure is only 1 or 2 min. 

The fire-tube tests were not made on solid specimens of standard 
size (¢ in. wide), and therefore are not representative of the usual appli- 
cation of this method of testing. Consequently any conclusions based 
on them would be of limited value. It is not believed that the results 
for the specimens containing treated crossbanding vary sufficiently to 
establish a relation between loss in weight and maximum temperature. 
Too much significance should not be placed on the wider range in 
weight loss between treated and untreated wood afforded by the crib 
test in comparison with the fire-tube test as it is due in part to the 
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difference in severity and duration of exposure to the burner flame in 
the two tests. We have found that reducing the time of exposure in 
‘the fire-tube test decreases the loss in weight of the treated specimens 
and thereby increases the range in weight loss between untreated and 
treated wood. It is also doubtful if it is an advantage to use waste 
material for tests because such material is not always representative. 

Mr. WILL1AMs (by letter).—A satisfactory test method should be 
capable of indicating the presence of untreated material in any part 
of the test specimen. In a practical application of tests to commer- 
cially treated material this is of great importance. The procedure here 
. given wherein certain known amounts of untreated material are intro- 
duced into the test specimen appears to be a practical way of testing 
the test method. The very nature of the structure of wood prevents 
100 per cent uniformity of treatment in commercial practice. A test 
method that is satisfactory where some untreated material is present 
would certainly be satisfactory for uniformly treated material. 

We state that the relation between duration of flame and glow and 
the presence of untreated material is qualitative. 

The data given show clearly that there is a direct relationship 

between loss in weight and amount of untreated material present. 
1 In the tests as conducted here, particularly the timber test, the 
oss in weight indicates an actual destruction of the material, hence a 
loss in strength must follow. Further work on this particular point is 
_ in progress. 

The conclusion with reference to moisture content is that for 
specification requirements a variation of the magnitude usually en- 
countered in kiln-drying practice has no appreciable effect. In modern 
kiln-drying practice variations of more than 2 to 3 per cent are seldom 
encountered. 

It has been shown in the work of Cherry’ and Schwartz? that 
in general the resistance of wood to fire varies directly with the density. 

Use has been made of the percentage of specimen burned in the 
shavings test as mentioned in the paper. However, the shavings test 
has the fundamental handicap of variable dimensions which cannot 
be overcome in kiln-dried wood. 

From a practical standpoint no advantage can be gained by in- 
creasing the number of tiers in the crib test for a given igniting flame 
as shown in the results. It must be remembered that we are seeking 
a practical test. 


1R. T. Baker, “‘ The Hardwoods of Australia" (1919). 


2 Ernest von Schwartz, ““ Handbuch zur Erkennung, Beurteilung und Verhitung der Feuer- und 
Explosionsgefahr,"’ Munich (1922). 
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While a measure of flame penetration can probably be obtained wz 
in the timber test, the test is not recommended as such. m 
A large number of fire-tube tests have been made by one of us 
using specimens of the recommended dimensions 3 by ¢ by 40 in., as (a 
a result of which it can be safely stated that: (1) the results are affected ox 
by warping, (2) no data are obtainable on continued flame or glow, of 
(3) the length of specimen employed permits the presence of at least pI 
50 per cent untreated material without any appreciable effect upon st 
the results. m 
One series of tests using treated and untreated chestnut illustrates in 
this fact clearly. Five specimens were entirely untreated, 5 entirely . ne 
treated and 10 were spliced using one-half untreated and one-half a 
treated material, 5 of which were tested with the treated end exposed w 
to the flame and 5 with the untreated end exposed. The results were at 
_as follows: of 
i UNTREATED TREATED TREATED UNTREATED Ke 
MATERIAL MATERIAL EnpD Exposep Enp Exposep 
Percentage weight loss, max. 84 yegae: 18 21 52 
Temperature at top of tube, dee. mp ey 


The fire-tube test in principle offers possibilities of development 
into a good practical test, but at present it is not a satisfactory test 
for commercially treated wood and the authors understand it has 
never been so recommended by its originators. As a result of experi- 
ence gained in testing commercially treated wood it is felt that the 
fire tube in its present state of development does not properly detect 
or give a measure of the presence of untreated or streaky material. 

Veneered woodwork is universally employed for interior wood- 
work. Much of this material is manufactured from fire-retardant ae 
wood. The authors feel that they have been justified in attempting 
to make use of the fire tube for testing such material. If, as Mr. 
Brown suggests, the test is subject to error as a result of slight varia- 
tions in the dimensions of the specimen, this would only serve to show 
it to be impractical. However, the authors have not found it to be 
subject to such weakness. Wide variations do exist between the tem- 
perature developed by the burning specimen even using uniformly 
treated material. 

We are aware of the effect of time of exposure upon the results 
when comparing treated and untreated material. However, for a 
shorter exposure and at a lower temperature the crib test shows a 
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wider variation than the fire-tube as between treated and untreated _ wal 
material due to the type of test specimen employed. nigh eo 
Messrs. E. F. Hartman,! A. S. and R. C. Bastress! 
(authors’ closure by letter) —The authors would like particularly to 
emphasize that the work described here was carried out for the purpose __ a 
of developing test methods which are capable of being applied in a — 
practical way to commercially treated fire-retardant wood. From a _ 
strictly scientific viewpoint certain other data such as density of 
material, kind and concentration of salts, etc., might rightly have been — 
included. However, it is felt that the nature of the problem did not 
necessitate the inclusion of such data. A distinction is made between 
a test that is satisfactory in comparing uniformly treated material 
with different concentrations or kinds of chemicals on the one hand 
and a test capable of detecting the presence of untreated material or 
of varying degrees of treatment and so classifying them. It is the 
latter type of test in which the authors have been interested. 


1 President; Director, Testing Laboratory; and Chief Engineer; respectively, Protexol Corp., 
Kenilworth, N. J. 
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a THE DETERMINATION OF TRACES OF DISSOLVED 


OXYGEN BY THE WINKLER METHOD" 

By M. C. Schwartz? AND W. B. GURNEY® 


INTRODUCTION 


‘~ i This paper does not pretend to record a comprehensive investiga- 
tion of the Winkler method of determining dissolved oxygen. The 
present discussion gives data and conclusions from an attempt to 
evaluate the performance of a deaerator. 

The Winkler method has been the normally accepted procedure 
for the determination of dissolved oxygen in water in the industrial 
as well as the sanitary field. Modifications, such as the Rideal- 
Stewart, which have been introduced to compensate for the presence 
of varicus interfering substances, have made possible the measurement 
of dissolved oxygen within limits of error very small in comparison 
with the saturation values normal to atmospheric temperatures. 
Dissolved oxygen values of interest in estimating the performance of 
a modern power plant deaerator, however, are approximately of the 
order of these small limits of error. The bi-iodate modification which 
is offered as the principal contribution of this paper was developed as 
the result of an attempt to overcome the sensitivity limitations inherent 
in the normal procedure and provide simple evaluation of sources of 
error commonly encountered. It is believed that adoption of the 
procedure outlined will largely avoid the uncertainties which in the 
past have been associated with the Winkler method for determination 
of dissolved oxygen. 

PRECISION OF METHOD 


The Winkler method of determining dissolved oxygen may be 
divided into two steps: (A) in which an amount of iodine is produced 
equivalent to the dissolved oxygen originally present, and (B) the 
determination of the iodine so produced. Since the concentration of 
iodine being determined is extremely low, a careful survey of the 


1 The present paper includes a portion of a program of boiler feedwater research being carried out 
at the Louisiana Steam Generating Corp. This work is being done under the general direction of 
Mr. E. B. Powell, Consulting Engineer of Stone & Webster Engineering Corp., Boston, Mass., with 
the cooperation of the Institute of Industrial Research, Louisiana State University, and with the 
collaboration of Mr. S. T. Powell, Consulting Chemical Engineer, Baltimore, Md. 

2 Research Chemist, Louisiana Steam Generating Corp., Baton Rouge, La.; and Boiler Feed- 
water Fellow, Institute of Industrial Research, Louisiana State University, Baton Rouge, salle a 

* Efficiency Engineer, Louisiana Steam Generating Corp., Baton Rouge, La. 
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ON DETERMINATION OF DISSOLVED OXYGEN 


iodine-thiosulfate titration! as well as of such considerations? as are “a Pe 
necessary for precise laboratory work is in order. os 
To obtain an accurate evaluation of dissolved oxygen, the follow- 4 hagas 


ing points must be considered: a a 


1. The sensitivity of the end point of the reaction is a function of 
the kind of starch used and the temperature at which the titration is na 
carried out. 

2. The apparent oxygen value obtained may be in error by using | 
Winkler reagents which have been subjected to some unsuspected = . 
contamination. 

3. The Winkler reagents contain dissolved oxygen. 

To enable us to determine the true value of the dissolved oxygen __ 


or iodine equivalent in the prepared sample, irrespective of the source os ° 


of the iodine present, we have modified the Winkler procedure slightly. — ae 
The principles involved are not new, but their adaptation to the Ey” Oke 
Winkler method of determining dissolved oxygen we believe is. The 
method consists in adding a small known amount of iodine from a 
standard potassium bi-iodate solution to two samples, one of which __ 
is a blank. Sensitivity of the test procedure is, of course, of great 
importance in the determination of traces of oxygen. With the _ 
procedure described, however, actual consideration of sensitivity - 
becomes unnecessary, for the reason that the two determinations have 
a common sensitivity (cancelled in the calculation) since the same 
starch solution is used and the direction of reactions is the same in 
both. The principle of adding a definite quantity of constituent so- 
that the sensitivity correction is relatively ‘diminished in magnitude 
is one capable of general application and might well be used more 
generally in the analysis of very dilute solutions. 


REAGENTS AND PROCEDURE FOR DETERMINING DISSOLVED OXYGEN 

The following reagents were used: 

Solution No. 1.—Manganese chloride: 425 g. per liter 

Solution No. 2.—Alkaline potassium iodide: 700 g. KOH and 
150 g. KI per liter 

Solutions Nos. 3 and 4.—Sulfuric acid: concentrated acid and 1:1 

Solution No. 5.—Approximately 0.1 N sodium thiosulfate: 24.8 g. 
per liter 

Solution No. 6.—Potassium bi-iodate: 3.2499 g. per liter 


Solutions Nos. 7 and 8.—Starch solutions: Arrowroot and 
Baker’s soluble 


tI, M. Kolthoff and N. H. Furman, “Volumetric Analysis,” Vol. II, Chapter 12, John Wiley and 
Sons, New York (1929). 


2H. A. Fales, “Inorganic Quantitative Analysis,” Chapter 4, The Century Co., New York (1925). 
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SCHWARTZ AND GURNEY 

The sstneatei of a proper sample for the ditiectidanstbons of dis- 
solved oxygen requires considerable care. ‘Two samples are collected 
in series in pyrex Erlenmeyer flasks, one sample to be used as a blank, 
the other for the dissolved oxygen determination. The blank is 
treated with reagents in the order, No. 2, No. 3, and No. 1, whereby 
the effect of the presence of the Winkler reagents is secured without 
fixing any of the oxygen dissolved in the sample. The sample on which 
the oxygen determination is to be made is treated with the reagents 
Nos. 1, 2, and 3 in their numerical order. It is very important that 
the temperature of the solution to be tested should not be above | 


All pipettes and volumetric flasks used were calibrated. The 
burettes used were either furnished with a Bureau of Standards 
certificate or were equal to their specifications. Two special burettes 
were used: 10 ml.—divisions 0.05 ml., and 5 ml.—divisions 0.01 ml. 
Sodium thiosulfate solution was standardized against potassium 
bromate and potassium bi-iodate. Determinations are recorded in 
Tables I and II. 

The corrected oxygen values using values in Tables II (a) and I (a) 
are as follows: 


March 13, 1933.—0.035 + 0.006 blank = 0.041 
March 15, 1933.—0.034 + 0.006 blank = 0.040 


The corrected oxygen values using values in Tables II (0) and I (0) 
March 15, 1933.—0.037 + 0.005 blank = 0.042 

0.036 + 0.005 blank = 0.041 ee 


Since 1.92 ml. of bi-iodate solution were added in all cases in the 
results of Tables II (6) and I (0), the corrected oxygen values could 
have been obtained as follows using the figures in Tables II (bd) 
and I (8): 

5.28 ml. NazS,0; — 1.45 ml. Na,S,0; = 3.83 ml. NagS,0; or 0.042 ml. O2 per liter 
5.19 ml. NazS,O; — 1.43 ml. NagS,O: = 3.76 ml. NagS,0; or 0.041 ml. O, per liter 


Thus far we have considered the degree of correspondence between 
the oxygen values obtained by the standard Winkler method and by 
the modified bi-iodate procedure. Before taking up specifically the 


1 Kolthoff and Furman, Joc. cit., p. 350. 

:C. H. Fellows and S. J. Meisenburg, ‘“‘The Determination of Dissolved Oxygen," Paper for 
Boiler Feedwater Session, Am. Soc. Mechanical Engrs., Annual Meeting, New York City, Decem- 
ber, 1933. 
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effect of oxygen dissolved in the Winkler reagents, we wish to show 
- further the utility of the bi-iodate method: 

First, the method enables one to obtain precise oxygen values in 
spite of considerable variations in the type of starch used and in th 
temperature at which the titration is performed. There is no special 


TABLE I,—BLANK DETERMINATIONS: SENSITIVITY OF IODINE-STARCH-THIOSULFATE 
REACTION ON DEAERATOR EFFLUENT. 


500-ml. sample, 
1 ml. arrowroot starch; 0.00096 N 0.000978 N H20 


Amount of of Amonnt KH(10s)s, Amount of Amount of Oxygen 


| 
per liter, ml. 


(a) Drrecr Apprrion or Bi-1opars To THe APPEARANCE oF CoLor. 
March 15, 1938: 


2 0.53 0.0056 ees 
4 0.54 0.0058 
6 0.58 0 0062 


b) Apprrion or Excess Bi-1opare So.vtion anp Back TirraTion with TxrosuLraTs 10 DisaPPEARANCE OF 
Conor. 


March 15, 1933: 


2 


45 0.0047 
2 


1, 
1.53 0.0049 


1.92 
1.92 


TABLE II.—OxyYGEN DETERMINATION ON DEAERATOR EFFLUENT. 


‘ Amount of 
Amount of Reagents, | Volume of Sample, 428202" 5H20, Amount of KH(I0s)s, | Amount of Oxygen 

ml. ml. N ml. per liter, ml. 


(a) Srraicat Trrration wira To or Coor. 


March 18, 1983: 1 ml. arrowroot starch; 0.0103 N NasS203-5H:0 


2 493 0.085 

2 500 0.30 
2 500 0.30 a 0.085 
2 500 0.32 0.087 


March 15, 1938: 1 ml. arrowroot starch; 0.0009 
2 500 


(6) Apprrion or Excess Br-1opars SotvTion anp Back TrrraTion wits TO DisaPPEARANCE OF 
Coror. 


March 15, 1933: 1 ml. arrowroot starch; 0.00096 N KH(IOs)s; 0.000978 N Na2S20s 5H20 


2 500 5.28 1.92 0.087 
2 500 5.19 1.92 ; 


— 


need for considering the variations due to different starches since very 
sensitive starches can readily be obtained, but temperature control is 
not always easily obtained in practice. 

second, the method enables one to compensate for unsuspected 
contamination of reagents and to obtain reasonable rear to 
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accuracy in measurement and even agreement on the dissolved 
oxygen content of like samples which would ordinarily be at complete 
variance due to difference in contamination of Winkler reagents. 
Third, the effect of the more usual contaminations can be evalu- 
ated as a whole, and in most instances differentiated as from reagents 
and sample, by repeating the determinations on samples of different 
volumes and with different amounts of reagents. In this manner 
the dissolve’ oxyzen content of the Winkler reagents can be 


The first point may be demonstrated as follows: A sample of 
deaerator effluent contained, with such oxygen as may have been 
added through the reagent solutions, about 0.035 ml. of O, per liter, 
titrated at 68 F. by the Winkler method. When the titration was 
performed at 108 F., the Winkler method gave an apparent zero 
oxygen value, whereas the bi-iodate method gave the value obtained 
at the lower temperature: 


April 20, 1934 
500 ml. samples; 2 ml. Baker's soluble starch: 0.97 ml. of 0.0100 N KH(IOs)2; 0.0107 N Na2S:Os°5H:0 
2 ml. Winkler reagents 


(a) Titration at 68 F.: 
Winkler method.—0.31 ml. thiosulfate equals 0.037 ml. of O: per liter. 
Bi-iodate method.—1.24 ml. thiosulfate on regular sample minus 
0.90 ml. thiosulfate on blank equals 0.34 ml. which is equivalent to 
0.04 ml. of O: per liter. 
(b) Titration at 108 F.: 

Winkler method.—No blue color, apparent oxygen concentration zero. 
0.20 ml. KH(IO;): required to give a blue color on fixed sample. 0.50 ml. 
KH(IO,)2 required to give a blue color on blank. Oxygen concentration 
equals 0.034 ml. of O; per liter, the equivalent of 0.30 ml. of thiosulfate. 

Bi-iodate method.—1.13 ml. thiosulfate on regular sample minus 
0.82 ml. thiosulfate on blank equals 0.037 ml. of O, per liter, the equivalent 
of 0.31 ml. of thiosulfate. 

The second point concerning the variance in Winkler reagents 
may be demonstrated as follows: A sample of deaerator effluent 
contained, with such oxygen as may have been added through the 
reagent solutions, about 0.03 ml. of O, per liter (to be demonstrated). 
One set of Winkler reagents, used in the previous work in this paper 
and hereafter called set A, gave a blue color when the conventional 
test was made. Under the same conditions, another set of reagents 
to be called set B did not give any blue color. The oxygen value of 
the particular deaerator effluent was determined by the modified 
bi-iodate 
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On DETERMINATION OF DISSOLVED OxYGEN 
March 20, 1933 a 
500-ml. sample; 2 ml. of Winkler reagents; 1 ml. arrowroot starch solution; 0.000978 N NasS:0s"5H:0; +f, 
0.00096 N KH(IOs): 
AMOUNT OF AMOUNT OF 
Hemp REAGENTS Na2S:0s* 5H:0, ML. KH(IOs)s, ML. LITER, 
Regular sample.... Set A 3.87 1.92 
Blank sample...... Set A 1.19 1.92 
3.87 — 1.19 ml. NaS,0; 0.029 
Regular sample.... Set A 4.03 1.92 
Blank sample ...... Set A 1.28 1.92 
4.03 — 1.28 ml. NaeS.0; 0.030 
Regular sample.... Set B 3.60 3.84 
Blank sample...... Set B 0.45 3.84 
3.60 — 0.45 ml. Na2S.O; 0.034 
Regular sample.... Set B 3.63 3.84 
Blank sample... .. . Set B 0.62 3.84 
3.63 — 0.62 ml. NasS:0s 


Without using the modified bi-iodate method the procedure 
would have been as follows with set B reagents: 


AMOUNT OF AMOUNT OF OXYGEN 
REAGENTS Na2S203° 5H20, ML. PER LITER, ML. 


Proceeding as in Table I (a), 3.53 and 3.28 ml. of 0.00096 NV 
KH(IO;)2 were added to blanks to produce a blue color giving the “5 
sensitivity as 0.038 and 0.035 ml. of O, per liter. Determining oxygen Dif 
according to conventional procedure upon a regularly treated sample 4 
gave no blue color; however, upon the subsequent addition of 0.75 ml. 
of 0.00096 N KH(IO;)2 a blue color appeared corresponding to an 
equivalent oxygen addition of 0.008 ml. of O, per liter. The corrected 
oxygen value is therefore 0.037 — 0.008 = 0.029 ml. per liter. It 
would appear from the above table that the set B reagents possessed 
an appreciable iodine absorptive capacity. 


Dissolved Oxygen Content of Winkler Reagents: 


In Tables I (a) and (0) we have determined the oxygen concentra- 
tion indicated as ‘“‘zero” limited by the sensitivity of test procedure 
to be of the order of 0.005 ml. of O, per liter. On the other hand, 
considering the third point, the Winkler reagents impart oxygen to 
the sample. Experiments were undertaken to measure the oxygen 
content of our Winkler reagents in actual oxygen determinations on 
deaerator effluent as well as by experiments in which the oxygen 
concentration in the deaerator effluent was further reduced by the 
use of a degasifier, an apparatus originally built for the removal of 
carbon dioxide: but for ‘the removal of any dissolved 
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SCHWARTZ AND GURNEY 


DISCUSSION OF EXPERIMENTAL Data 

Although the precision expected in the Winkler determination of 
er oxygen should be quite high using calibrated apparatus and 
good volumetric technique, the final precision attained is largely 


TABLE III.—DETERMINATION OF OXYGEN CONTENT OF REAGENTS. 
60 F.; 2 ml. Baker’s soluble starch; 0.0100 N KH(IOs)s; 0.0107 N Na2S20s"5H20 


Amount of Oxygen per Liter, ml 


Winkler Method Bi-iodate Method 
ES Total in 500-ml. | Total in 250-ml. | Total in 500-ml. | Total in 250-ml. 
Sample Sample Sample Sample 
(a) Deagratorn Errtvent Wirsovt Prion TREATMENT. 
0.013 0.019 0.013 0.022 
0.015 0.022 0.015 0.025 
he P { 0.021 0.034 0.022 0.036 
A 0.020 0.034 0.021 0 034 
0.040 0.069 
— 
per liter per 01 
ml. of Os per liter in original sample... . 0.007 0.009 0.007 0.012 
April #4, 1984: 
{ 0.017 0.022 
0.017 
—_— 5 { 0.041 0.072 
0.044 0.069 
mil. of Os per liter added per 1 ml. of 
ml. of Oz per liter in original sample. ... 0.012 0.011 Po bee 


(6) Deasrator Errivent Arrer Passage Taroves Decasirrer—“ Zero” Oxycen Water. 


{| 9.008 0.009 0.010 0.011 
0.015 0.020 0.016 0.020 
{| 0.022 0.017 0.022 
ml. of Os per liter added per 1 ml. of 
} 0.008 0.011 0.007 0.010 
ml. of Oz per liter in original sample. ... 0.000 0.000 0.003 0.001 


dependent upon the ability of the individual to judge the end point of 
the iodine-starch-thiosulfate reaction. A compromise must be effected 
between decreasing the normality of the thiosulfate solution employed, 
using ordinary volumetric apparatus, and maintaining the normality 
approximately at the conventional 0.025 N NazS,0;, using micro- 
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burettes or pipettes. The use of 0.001 N Na,S,O; is of course com- 
pletely inadvisable for routine work. For accurate work, approxi- 
‘mately 0.01 N solutions with micro-burettes would seem the most 
appropriate combination. The 0.01 N Na,S,O; should be made up 
freshly each time from 0.1 NV solution. 
It is interesting to compare our values for the oxygen introduced 
from the Winkler reagents, given in Table III, with the values reported 
by other observers: 


AMOUNT OF AMOUNT OF AMOUNT OF i 
REAGENTs, SAMPLE, OXYGEN, TEMPERATURE, Rue 
OBSERVER ML. ML. ML. O: PERLITER DEG. FAHR, STARCH 
S. J. Meisenburg*.... 1 | 250 0.008 50-64 Arrowroot 
250 0.019 50-72 Arrowroot 
J. R. McDermet*....... 0.015 50-60  Arrowroot 


J. D. Yoder and A. C. 


soluble 


0.013 «60 Baker's 
C. H. Fellows and S. J. Meisenburg, loc. cit. aut 


¢ J. D. Yoder and A. C. Dresher, “The Winkler Test for Determiaing Oxygen in Boiler Feed 
Water," Combustion, Vol. 5, No. 10, pp. 18-22 (1934). 


Our experience with the determination of traces of dissolved 
oxygen has shown that it is not advisable to assume fixed values for 
the sensitivity of starch as a function of temperature, or for the oxygen 
content of Winkler reagents. The use of methods that consider the 
magnitude of these corrections in each actual determination would 
seem preferable. We recommend the following procedures: 


(A) Collect two 500-ml. samples in tandem. If the addition of starch does 
not show a blue color after fixing with 1 and 2 ml. of reagents, respectively, 
add 0.5 or 1.0 ml. of 0.01 N bi-iodate solution. The corrected oxygen con- 
centration of the samples, using 0.01 N thiosulfate, is: 

0.112 (2 ml. of thiosulfate; — ml. of thiosulfates ). 


(B) Collect one 250-ml. and one 500-ml. sample in tandem. If the addition 
of starch does not show a blue color after fixing each with either 1 or 2 ml. of 
reagents, add 0.5 or 1.0 ml. of 0.01 WN bi-iodate solution. After fixing, add 250 
ml. of untreated sample, collected from the same source and at the same time 
as the treated samples, to the 250-ml. fixed sample. The corrected oxygen 
concentration of the samples, using 0.01 N thiosulfate, is: 

0.224 (ml. of thiosulfates — ml. of thiosulphatesss) 


¥ By the use of these methods a “zero” oxygen water may be 
determined as such within a possible variation of approximately 
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0.005 ml. of O, per liter, notwithstanding the presence of oxygen in 
the Winkler reagents themselves. 

Practical determinations may be made by method B without the 
use of bi-iodate, providing a blue color is formed upon the addition of 
starch; temperatures above 90 F. are definitely not recommended. 


SUMMARY 


The conventional Winkler method for determining dissolved 
oxygen has been compared with a modified bi-iodate method at very 
small concentrations of oxygen. The use of the bi-iodate method has 
been shown in (1) eliminating the assumption of a constant sensitivity 
by automatically canceling the sensitivity correction as an element of 
the determination; (2) obtaining agreement, and practically true 
determination, on the oxygen value of a sample notwithstanding the 
use of Winkler reagents of differing degrees of contamination which by 
the standard procedure would give results considerably at variance. 
The oxygen content of our Winkler reagents has been determined by 
the conventional Winkler method and a modified bi-iodate method. 
Procedures are suggested for determining the true oxygen content of 
: samples in the neighborhood of zero oxygen. 
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Mr. E. J. THERIAULT! (presented.in written form).—The authors 
have undertaken the difficult task of determining a constituent 
present in amounts less than 0.1 p.p.m. by the use of a volumetric 
procedure. As a rule, the determination of such vanishingly small 
amounts of any ingredient in water would be based on the more 
delicate colorimetric procedures. Within this inherent limitation, 
the technique adopted appears to be the best that can be devised 
under the circumstances. 

Manganous chloride is used instead of the customary manganous 
sulfate solution. Working with a manganous sulfate solution of 
standard strength (480 g. of MnSO-4H,0 per liter) we have recently 
shown that this solution contains 2.2 p.p.m. of dissolved oxygen per 
liter when saturated with atmospheric oxygen at 20 C. and a total 
pressure of 760 mm. The corresponding alkaline-iodide solution 
appears to be practically devoid of dissolved oxygen (less than 0.1 
p-p.m.). These values are much lower than those presented in 
Table III of the paper. The discrepancy may be accounted for by 
the presence of traces of manganic salts in the manganous solutions, 
unless a striking difference exists between the solubility of dissolved 
oxygen in manganous sulfate and manganous chloride solutions of 
approximately equivalent strength. 

No account appears to have been taken of the possible effect 
of iron on the Winkler procedure. 

It is suggested that a more accurate method for traces of dissolved 
oxygen might be based on the extraction procedure described by 
Theriault and McNamee (Sewage Works Journal, Vol. 6, pp. 413-422 
(1934) ) or on the now practically forgotten colorimetric procedure 
described by Black and Phelps in their report on the “Discharge of 
Sewage in New York Harbor.” 

Mr. Max HeEcut® (presented in written form).—The authors 
deserve commendation for their success in adapting some principles 
of analytical chemistry to their problem and for the interesting use 
of the balancing-out method of eliminating errors. A concise descrip- 
tion of the manipulative procedure for the modification of the Winkler 
method would be of interest. The authors refer to a laboratory 


1 Principal Chemist, U. S. Public Health Service, Cincinnati, Ohio. 
2 Consultant Chemical Engineer, Pittsburgh, Pa. 
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apparatus designed primarily for the elimination of CO, from water th 
which they used in the production of ‘‘zero”’ oxygen water. The d 
details of this apparatus and the procedure used would also be of bere 


interest. B 

It appears to the writer that in a method proposed to give sig- nr 
nificant values to what formerly were termed traces of O2, the numerical 0 
errors of the method should be reduced to a very small percentage of Se 
the uncorrected values. The volume of sample taken should be Ir 
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Fic. 1.—Solubility of Oxygen in Water. 


Calculated from data of Bohr and Bock, Amnalen der Physik, Vol. 44, p. 318 cso). : 
Total pressure of Oz plus water vapor = 760 mm. of mercury at 32 F. 


such that the derived answer is found by division. The titration 
should be made in water free from interfering substances. Such 
changes in the procedure will divide automatically the errors resulting 
from manipulative inconsistencies and the personal equation of the I 
observation of the end point of the titration. It is apparent that in 


the evolution method used to determine the “zero” oxygen water, the ‘ 

authors met the requirements just stated. ; 

It is customary in evaluating the results obtained in an analy- j 

tical method to observe how they conform to values which may be : 

considered conservatively as fundamental or standard reference values. 

Mr. D. S. McKinney and the writer have recalculated the values for P 
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the solubility of oxygen in water at various temperatures, from the 
data available which are believed to be the most reliable, and the 
‘results are presented in the accompanying Fig. 1. The values of 
Bohr and Bock were determined by an evolution and gasometric 
method which should be quite accurate through most of the range of 3 oe 


oxygen concentrations indicated, and these values should serve asa __ 
satisfactory yardstick to measure the accuracy of any analytical 
method for dissolved oxygen. The writer believes that the simplest = ; 
and most satisfactory way to indicate the accuracy of the Schwartz ©} 

and Gurney method will be to compare the results obtained for a 
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Fic. 2.—Solubility of Oxygen in Water. 
Curves referred to partial pressure O: plus water vapor = 760 mm.of mercury at32P. 


series of samples saturated with oxygen at atmospheric pressure, and 
at various temperatures, with the values given in Fig. 1. A compari- 
son of the writer’s determined values and the Bohr and Bock values ‘gee 
are shown in the accompanying Fig. 2. es 

It is interesting to note that in a power plant survey concerning 
corrosion, the values secured for dissolved oxygen’ by the American 
Public Health Association Winkler method were not in good agree- 
ment with the values of Bohr and Bock shown in Fig. 1. This is most 
probably due to inaccuracies in the analytical method or to failure to be 
reach equilibrium, and points to the necessity for a more dependable 
and more accurate procedure for dissolved oxygen, such as Schwartz 
and Gurney are attempting to obtain. 


1C. W. E. Clark, “Boiler-Room Performance and Practice of Colfax Station, Duquesne — 
Co.,"" Transactions, Am. Soc. Mechanical Engrs., Vol. 44, p. 242 (1922), see Table slit 
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The writer has always been much interested in the determina- 
tion of dissolved oxygen, especially with regard to its effect on c 
the rate of corrosion; however, it should be noted that in this cor- ‘yw 
rosion problem oxygen is only one of the prime offenders. It is r 
possible that in many cases carbon dioxide or other gases may be t 
equally important. 7 

Mr. J. D. YopER' (presented in written form).—The presentation t 
by Schwartz and Gurney is a valuable contribution towards the t 
establishment of methods and conditions whereby small quantities c 
of dissolved oxygen may be determined with great accuracy. Atten- n 
tion is directed to a number of influences which may cause errors in t 
the determination of oxygen by the Winkler method which are quite 
appreciable when attempt is made to measure oxygen of boiler feed 0 
water in such small quantities as are demanded by modern practice. r 


They set forth methods whereby oxygen can be determined k 
accurately in the presence of many interfering substances. The s 
accuracy of the methods advanced seems to be established by close V 
agreement of their various tests reported. One may well question, h 
however, if operators in general would be equally successful in cancell- t 
ing out the effect of the various influences if the methods described t 
were applied. V 

The inference might be drawn from the paper that the reagents 
are unavoidably contaminated with impurities which interfere with I 
the accurate determination of dissolved oxygen. Mr. Dresher, with t 
whom I am associated, has carefully investigated this subject and has ) 
found no difficulty in securing chemical reagents of satisfactory purity. i 
Contamination of the sodium hydrate - potassium iodide solution has c 
been caused by sulfides extracted from rubber stoppers, but this can i 
be avoided by the use of paraffin-coated glass stoppers. Unquestion- ( 
ably starches have different sensitivities, which vary with the tem- | t 
perature, but fortunately the characteristics of individual starches € 
when once determined are so constant that small quantities of oxygen é 
may be accurately determined by observing the temperature at which 
the blue color forms without using the sodium thiosulfate titration. 

It might be contended that the oxygen in the reagents is a 
variable quantity and can therefore not be satisfactorily corrected by 
a constant. This, however, is not necessarily true. It is probable 
that the oxygen in the reagents can be considered reasonably constant 
in which event a corrective factor can easily be applied. The proba- 
bility is that the reagents are always saturated baaes oxygen either 


te 


when freshly prepared or after long usage. er 
vie 
Secretary and General Manager, Cochrane Corp., Philadelphia, Pa. 
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Mr. Dresher has found! that the addition of the manganous 
chloride and the sodium hydrate plus potassium iodide to distilled | 


‘water to make up two of the reagents used in the Winkler method | 


reduces the oxygen content from amounts of 4 to 6 ml. per liter in — 


the distilled water to an average of 2.1 ml. per liter in the two solutions. _ at 


This effect appears to be due to the lower solubility of the oxygen in 
the highly concentrated solutions. It would be very useful to de- 
termine directly, by some method such as the Bunsen method, the 
concentration of dissolved oxygen in the solutions used in the Winkler 
method. This information would make it possible to evaluate exactly 
the amount of oxygen added per milliliter of reagent. 

If higher concentrations of reagents should decrease the solubility 
of oxygen, this would account for the generally lower determinations 
reported by Schwartz and Gurney than the findings of Mr. Dresher 
because he used 400 g. of manganous chloride per liter and 420 g. 
sodium hydrate plus 100 g. of potassium iodide per liter as compared 
with their solutions 425 g. manganous chloride and 700 g. potassium 
hydrate plus 150 g. potassium iodide per liter, respectively. Even 
though different concentrations of reagents were used, it is noticeable 
that the four independent investigators referred to in the paper agreed 
within approximately the limits of accuracy defined. 

It is noticeable that Schwartz and Gurney’s tests on the deter- 
mination of oxygen in reagents were made in April, 1934, whereas 
their tests on the use of potassium bi-iodate were made more than a 
year earlier and that in discussing the application of procedure B 
in the section relating to oxygen in reagents they state ‘Practical 
determinations may be made by method B without the use of bi- 
iodate.” From this one might infer that the potassium bi-iodate is 
of minor importance and that it is not depended upon to cancel out 
the effect of possible contamination of the water supply. In any 
event it is doubtful if this method would be accurate in cancelling the 
effect of all contamination as nitrites and possibly other substances. 

The practical limit of accuracy in making these determinations 
is specified as 0.005 ml. which is only 7 parts in a billion. If a double 
titration is mace and these errors are in opposite directions, the 
accuracy may not exceed 0.01 ml. per liter. If again the oxygen 
in the reagents is determined by titration of two different size samples, 
there is the further possibility of error on account of the two samples 
even though taken consecutively, not actually containing identical 
quantities of oxygen. If such error is added to the possible error 


1J. D. Yoder and A. C. Dresher, “The Winkler Test for Determining Oxygen in Boiler Feed 
Water,” Combustion, Vol. 5, No. 10, April, 1934, p. 18. 
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resulting from double titration, it is conceivable that the average 
operators would make appreciable errors in the application of these 
methods. 

It would seem that the better practice would be to make inter- 
ference tests to insure the absence of interfering substances, make 
the tests under standard conditions and apply correction factors that 
can be determined with exceeding care in the laboratory; only after 
it is determined that interferences cannot be avoided should cor- 
rections be made in the field to offset them. In the latter event the 
methods proposed by Schwartz and Gurney appear very well adapted. 

In my opinion this Society can perform a useful service if it 
establishes standard conditions including standard strengths of 
reagents for making determinations of small quantities of oxygen to 
establish correction factors to be applied for these standard conditions. 
The average operator I believe will obtain more accurate results in fol- 
lowing such a standard routine of practice than if he attempts to make 
his own corrections for all possible interfering substances, for the latter 
requires a very high order of skill to make accurate determinations. 

Mr. J. R. McDermet.'—I have had the good fortune, not of 
collaborating in the preparation of this paper, but of knowing in 
detail of the data during its preparation and of checking independently 
in a different laboratory the results obtained. The method has 
proved rather uncannily accurate, barring, of course, the use of grossly 
contaminated water samples. The procedure is such that the errors 
due to the preparation of titrating solutions are minimized. It is 
sometimes quite difficult to get commercial chemicals regardless of the 
stated purity or price which yield satisfactory and consistent values. 
It is also true that the average operator in industry is able to get 
contamination by careless handling of apparatus and mixing of solu- 
tions. In our own laboratory, we have consistently obtained values 
which indicate an accuracy of 7 per cent for values below 0.10 ml. 
per liter, provided, of course, this 7 per cent is large enough to have 
any numerical significance. The laboratory is a commercial labora- 
tory of a manufacturer and not a research laboratory, but has had 
extensive experience in this class of work. 

These values mentioned were obtained by either synthetic 
solutions or by the method of mixtures with laboratory deaerated 
water and aerated water which had been carefully standardized for 
dissolved oxygen by another method, notably an evolution method. 
Naturally the percentage value given fails when the percentage 
amounts to less than 0.003 ml. per liter. The limitation is then in 


1 Chief Engineer, Elliott Co., Jeanette, Pa. 
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the indicator which is no longer sufficiently sensitive. 
. therefore, is that in practical work where contamination of the initial 


sample is not gross, the method proposed by Schwartz and — 


while not chemically new in theory, is essentially very useful. 

It is apparently true that a boiler water cannot be judged from 
the standpoint of safety on its dissolved oxygen content alone; other 
factors, such as the pH value are of equal or more importance. The 
average power plant operator, however, insists on the maximum in 
mechanical deaeration whether he needs this or not. Since, at the 
present time, it is not possible to determine just how much deaeration 
is needed the operator naturally plays safe; therefore, a test method 
accurate at low concentrations of oxygen is valuable for commercial 
judgment. 

Mr. T. H. DaucHerty.'—Of the two procedures described by 
Schwartz and Gurney, procedure B appears to be the most practical 
and is the one actually in use at the Louisiana Steam Generating 
Corporation. Exact instructions for the use of the test are not given 
by the authors, and the following summary presents these instruc- 
tions as used by the Hall Laboratories, Inc.: 


One 500-ml. and two 250-ml. samples are collected as specified in the paper. 
The 500-ml. and one of the 250-ml. samples are each fixed in the normal Winkler 
manner, adding the same quantities of reagents to each, and adding 1 ml. of 
potassium bi-iodate solution to each after fixing. 

The 250-ml. fixed sample and the 250-ml. unfixed sample are both poured 
into an empty 500-ml. flask. Exactly 500 ml. of the sample so prepared are 
measured into an 800-ml. beaker and titrated in the usual manner with freshly 
standardized 0.01 N sodium thiosulfate. Exactly 500 ml. of the 500-ml. 
fixed sample are similarly measured and titrated. 

This second titration value minus the first titration value is equal to the 
number of milliliters of 0.01 N sodium thiosulfate equivalent to the oxygen 
initially present in 250 ml. of the sample, free from the errors normally present 
in the Winkler titration. 

The oxygen content can then be calculated, since one ml. of 0.01 N sodium 
thiosulfate, on the basis of a 250 ml. sample, is equivalent to 0.32 p.p.m. of 
oxygen or to 0.224 ml. oxygen per liter (standard conditions). 

The necessity for accurate pipettes and finely calibrated burettes is ap- 
parent, since 0.05 ml. of 0.01 N sodium thiosulfate is equivalent to 0.016 p.p.m. 
oxygen or 0.011 ml. oxygen per liter and 0.01 ml. to 0.003 p.p.m. oxygen or 
0.002 ml. oxygen per liter, while the accuracy of the method is given as 0.005 
ml. oxygen per liter or 0.007 p.p.m. oxygen. 


Messrs. M. C. SCHWARTz? AND W. B. GurRNEY® (authors’ closure 
by letter).—The authors believe that the points raised in the preceding 


1 Hall Laboratories, Inc., Pittsburgh, Pa. 
? Research Chemist, Louisiana Steam Generating Corp., Baton Rouge, La.; and Boiler Feedwater 


My viewpoint, 


Fellow, Institute of Industrial Research, Louisiana State University, Baton Rouge, La. pea A mo. 


+ Efficiency Engineer, Louisiana Steam Generating Corp., Baton Rouge, La. 
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discussions may best be met by an outline of procedure as — 
adopted in power station practice: 


Method A.—Four samples of which two (500-ml. Erlemeyer flasks in tandem 
containing three-holed rubber stoppers for an inlet and outlet tube as well as 
a solid glass plug for reagent addition) are collected in the usual manner and 
two of which may be collected in the open. Then add the following reagents in 
the order and quantities listed below shaking well after each addition of reagent: 


SAMPLE Ti SAMPLE T: SAMPLE B; SAMPLE B; 
1 ml. MnCl, 2 ml. MnCl, vo i 1 ml. alk. KI 2 mi. alk. KI 
1 ml. alk. KI ml. alk. KI 1 ml. 2 ml. H2SO, 
1 ml. H.SO, aa 2 ml. H.SO, re 1 ml. MnCl, 2 ml. MnCl, 
1 mi. KH(IO;). 1 ml. KH(I0O;). 1 ml. 1 ml. 


Take 500 ml. for titration with 0.01 N thiosulfate. 

Then 2 (7, — B,) — (TJ: — B:) = milliliters of oxygen in sample or for 500-ml. 
samples. 

0.112 « [2(T; — Bi) — (T: — B,)] = milliliters of oxygen per liter in sample. 


Method B.—Two samples (500 ml. and 250 ml. in tandem containing three- 
holed rubber stoppers for an inlet and outlet tube as well as a solid glass plug 
for reagent addition) are collected in the usual manner. Then add the following 
reagents in the order and quantities listed below: 


‘iba? 2 mi. MnCl, Same as for T soo 


2 ml. alk. KI Same asfor Tso 


Same as for 


Same as for Tso 


Add 250 ml. of untreated water to T20 and titrate both 500-ml. samples 
with 0.01 N thiosulfate. Then 0.224 (Tso — T2s0) = milliliters of oxygen per 
liter in sample. 


From the above formulae the following points may readily be 
appreciated. 

1. Operators now using the straight Winkler test for oxygen may 
use Method B, in many cases, and still obtain accurate results without 
the use of the bi-iodate solution. 

2. If, however, a blue color is not obtained in either the 500-ml. 
or 250-ml. sample in Method B, it will become necessary to add the 
bi-iodate solution to detect the dissolved oxygen present. 

The use of the bi-iodate solution is not at all involved, and it is 
the simplest ‘oxygen solution” to prepare. Any operator who can 
carry out the straight Winkler procedure should find no difficulty in 
using bi-iodate. 

Method B (using bi-iodate) has now been used at the Louisiana 
Steam Generating Corp. for nearly a year with satisfactory results for 
determining deaerator performance 
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A COMPARISON OF THE METHODS FOR TESTING INSU- 
LATING MATERIALS FOR POWER FACTOR AND 


“ae DIELECTRIC CONSTANT AT 1000 CYCLES 


By W. B. KouwENHOVEN' AND L. W. Marks? : 

YNOPSIS 


This paper discusses the series resistance and the parallel resistance bridges 
which have been proposed as A.S.T.M. methods for the measurement of 
dielectric characteristics at 1000 cycles. The possibility of using the balanced 
Schering bridge for the same purpose was also investigated. These methods 
were studied both from the theoretical and practical viewpoints. Measurements 
were made upon a number of samples by all three methods and the results 
compared. The authors recommend the use of the substitution method and a 
Wagner grounded bridge. They point out that the balanced Schering bridge 
offers a single piece of apparatus that may be satisfactorily used over a range 
of frequency from 25 to 1000 cycles. 


In the Tentative Method D 150-32 T «)* developed by Com- 

mittee D-9 on Electrical Insulating Materials of the American Society 

for Testing Materials three methods are set forth for the measurement 

of the dielectric constant and the power factor of insulating materials 

at 1000 cycles. The three methods are: oa 
1. The inductance bridge of Rosa and Grover. 
2. The series resistance bridge of Max Wien). 
3. The parallel resistance bridge of Rosaw). 


This paper deals with a study of these three methods and also 
discusses the possibilities of using the balanced Schering bridge as 
an alternate method of measuring the constants of insulating materials. 

In this study the inductance bridge was eliminated at an early 
stage because the tentative method calls for specimens whose ca- 
pacitance varies from 1000 to 3500 wf. for use in this bridge, while in 
the other two bridge methods specimens of only one-tenth of this 
size are required. Therefore, the inductance bridge was eliminated 

_ from the comparison. 


1 Professor of Electrical Engineering, Johns Hopkins University, Baltimore, Md. 

2 Student Engineer, General Electric Co., Schenectady, N. Y. 

3 The boldface numbers in parentheses refer to the reports and papers given in the list of references 
appended to this paper, see p. 838. 
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The teveatleelion covered a wide field which may be divided 
into the following parts: 


1. The series resistance, the parallel resistance and the Schering 
bridges were studied from a theoretical viewpoint to determine their 
inherent errors. ‘This study resulted in the decision to recommend 
the parallel substitution method as the most satisfactory plan of 

3. The sensitivities of the bridges were compared. 

4. Where possible each bridge was checked for accuracy against 
a low power factor standard. 

5. The bridges were compared with and without the use of the 
Wagner ground. 

6. A number of specimens covering a wide range of insulating 
materials were tested both with and without guard electrodes. 

7. The effect of the spacing of guard electrodes was measured as 
a function of specimen thickness. 


Before commencing the theoretical study of the bridges from the 
standpoint of residual ervors, effects of stray capacitances, etc., it 
was necessary to consider the type and test conditions of specimens 
which were to be tested. The specimens consisted of flat disks of 
insulating material to which lead foil electrodes could be applied to 
opposite surfaces. It is well known that the constants of a given 
sample of insulation vary with the temperature and that if check 
results are to be secured, the temperature must be held constant. 
In order to meet this requirement the specimens were placed in a 
box in which the temperature and humidity were maintained constant. 
In such a constant temperature container the electrode surfaces on 
the specimen are within fairly close proximity to the walls of the box 
and the resulting stray capacitance will introduce an error in the re- 
sults unless it is taken into account or eliminated. This stray capac- 
itance and its elimination were considered in the analysis of the 


bridges. 


The series resistance bridge shown in Fig. 1 is one of the pro- 
posed standard methods. In the commercial bridge of this type the 
ratio arms R, and R; are each 5000 ohms, C, is a standard air capacitor 
with a range of 50 to 1500 wyf., C; is an air capacitor of at least 1000 
uf. The specimen is represented by the capacitance C,. The re- 
sistance R; is variable in 1.0-ohm steps. The resistances R;, R, and 
R; and the input and detector transformers are enclosed in a metal 
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box. When the bridge is operated as a grounded bridge, the ground 
connection (Fig. 1) is that recommended by Fields). 
Using the substitution method the bridge relations are: 


C, = C’,- 
Power factor = 2 af (R; — 


where C, is the capacitance of the specimen in micro-microfarads and ode 
C, and R; denote respectively the values of C, and J Rs when the speci- Bra 


Gal, 
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—Seri Sina 
Fic. 1.—Series Resistance Bridge. 


men is in circuit, and their primes the values when the specimen is 
disconnected. 

The grounding of the bridge at the point D is the best arrange- 
ment from the standpoint of the elimination of errors unless double 
shielding is employed. Siskind s) has shown that with any other 
ground connection or a Wagner ground, the stray capacitance from 
the capacitor Ci, and resistance R;, and their connecting lead to 
ground, introduce an error in power factor which is directly pro- 
portional to the ratio of this stray capacitance to C. 

Another source of error in this bridge is the capacitance to ground 
of the secondary of the input transformer and of the leads connecting 
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the capacitors to the corners of the bridge. In a one to one bridge 
the effect of this stray capacitance may be eliminated by splitting the 
secondary shield, Fig. 1, and arranging the leads so as to divide this 
capacitance equally between the arms AD and CD. In case this 
stray capacitance is not equally divided the power factor equation 
becomes: 
(C’, = C;)? 


where C; represents the unbalanced stray capacitance. 


Power factor = 2 xf (R; — R’s) 


The accuracy of the division of this stray capacitance to ground 
may be checked by making power factor measurements of a given 
sample at two or more widely different values of C’,. If the ca- 
pacitances are balanced, the results as calculated by Eq. 2 will check 
at all values of C’,. For example, a known specimen of capacitance 
C, = 289 upf. and power factor 6, = 0.00193 was measured in a 
commercial bridge which gave a 6, = 0.00186 at a C’, = 360.5 uyf. 
and a 6, = 0.00192 at a C’, = 1192.7 wf. This indicated that there 
was an unbalanced capacitance to ground of approximately 5.5 uyf. 
across the CD arm in the circuit. 
An error, which is common to all of the grounded bridges, is that 
caused by the stray capacitance from the high voltage electrode of 
the specimen to ground as already mentioned. It may be readily 
eliminated by using a Wagner ground with the bridge. 
In order to use the series resistance bridge with a Wagner ground 
and eliminate the errors pointed out by Siskind es), the arrangement 
shown in Fig. 2 is recommended. This bridge is a conjugate of the 
arrangement of Fig. 1 and it is preferable to that connection because 
the load on the oscillator is reduced and a higher voltage is applied 
to the specimen. In this double shielded series resistance bridge the 
ratio arms R, and Rz, the capacitors C; and C,, and the Wagner ground 
components Cs, Rs and Rs, as well as the input and detector trans- 
formers, were all enclosed in a grounded metal box. A small fixed 
mica capacitor C; is connected across the ratio arm R, so as to keep 
the resistance R; always in the AD bridge arm. The value of this 
capacitor depends upon the quality of capacitor C:. The capacitor 
C, and the resistance R; are each enclosed in separate grounded boxes 
and the capacitance to ground of their common lead is kept a minimum. 
The resistance R; is at a high potential and its dial handles were 
brought out through the ground shielding to avoid the effects of 
body capacitance. 

The insertion of a ground shield between the resistance Rs and 
capacitor C, as used by Sommerman,) eliminates the stray capac- 
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Fic. 2.-—Double Shielded Series Resistance Bridge. 
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itance between the A and D corners of the bridge and their effect bu 
upon the results. it] 
The use of the Wagner ground makes it possible to completely 
shield the high voltage lead to the specimen and eliminate the capac- fac 
itance of the leads from the results. It also eliminates the stray ms 
capacitance from the high voltage electrode to the specimen con- ine 
tainer and permits the use of guard electrodes on the specimen if the 
desired. giv 
PARALLEL Resistance ARM BRIDGE 
The peralid resistance arm bridge with the A.S.T.M. recom- 
mended shielding and ground is shown in Fig. 3. In this bridge the ai 
equations are: at 
p P 10 (R’ — R) use 
Power factor = (5) gre 
where C, = capacitance of the specimen in micro- ‘microfarad, = 


capacitance of C, with specimen out, 
C, = capacitance of C; with specimen in, 
resistance of R; with specimen out, 


ssf = frequency in cycles per second. 


With the connections as shown in Fig. 3 and using the type of 


substitution method recommended by the A.S.T.M. Tentative Stand- 
ard, any residual errors present in the ratio arms are not eliminated. 


However, in a one to one bridge with accurately balanced residuals Th 
their effect is negligible. There is also an error introduced by the bet 
stray capacitance from the high side of the specimen to ground. ve 
This error may be eliminated by the use of the Wagner ground as tiv 
explained under the series resistance bridge. In 
In its commercial form this bridge has the following circuit con- 11 
stants. The resistances R; and R: are each 10,000 ohms and R; is a fev 
six-dial resistance box having steps varying from 0.01 ohm to 1000 Ww! 
ohms. ‘The ratio arms are each 1000 ohms and C, has a value of bes. 
200 wuf. In the commercial form of the bridge, a Wagner ground is m 
permanently connected across the source. This arrangement of plac- betes 
ing the relatively low resistances of the Wagner ground in parallel 
with the capacitors noticeably decreases the sensitivity of the bridge op 
when it is used as a grounded bridge. It is desirable to provide means Jug 
of readily disconnecting the Wagner ground not only in this bridge rat 
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but also in all commercial bridges because occasions may arise where 
it is necessary to operate the bridge grounded. 
In using the commercial bridge with specimens of low power 
factor, the difference between the two values of R; with the speci- 
men in and with the specimen out is small. This difference may be 
increased by the use of 100,000-ohm resistances in R, and R, and 
their use increases the difference R’ — R one hundred times for a 
given specimen. Large resistance units in R; and R, materially in- 
crease the sensitivity of the bridge in the range of frequencies used. 


BALANCED SCHERING BRIDGE 


It has long been recognized that the Schering bridge offers an 
excellent means for measuring the constants of insulating materials 
at 60 cycles. Therefore, it was decided to try the bridge at 1000 
cycles and to determine its possibilities. The diagram of the bridge 
used and its shielding are shown in Fig. 4 complete with the Wagner 
ground. The variable arms are the Ci, Ri arm and the C,arm. The 
equations using the parallel substitution method are: 


Power factor = 2 xf R; (Ci — C's) 7 
where C’, = capacitance of C, with specimen out, __ a pee: 
C, = capacitance of C, with specimen in, eee 
C’; = capacitance of C; with specimen out, and 
C, = capacitance of C; with specimen in. 


ll 


This bridge was operated successfully at both 60 and 1000 cycles. 
The resistances R; and R, were each 5000 ohms. The capacitor C, 
was a mica capacitor of 250 wuf. The capacitors C,; and C, were 
variable, each with a range of 50 to 1500 wuf. For maximum sensi- 
tivity Cs should have a capacitance about 1.5 times the value of C,. _ 
In the Wagner ground the resistance R; had a maximum value of “ae 
1100 ohms and Ry 11,110 ohms. A small slide wire resistance of a 
few ohms range was provided for fine adjustment in the R, circuit, = 
When the bridge was used at 1000 cycles the Wagner ground mica : a5 GPae 
capacitor C, had a value of 0.005 wf. For 60-cycle work anadditional = = —s| 
mica capacitor of 0.03 wf. was connected in the circuit. The bridge : aoe 
was shielded and was completely enclosed in a grounded metal box. 

The balanced Schering bridge of Fig. 4 proved very simple to ¢ 


Tr 


operate, including the balancing of the Wagner ground. The cca- _ 
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jugate arrangement suggested by Siskind was tried. It gave accu- 
rate results, but required considerably more time and skill to balance a 4, OR 
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than the bridge of Fig. 4. At 1000 cycles the bridge was supplied 


with power from the oscillator and the amplifier with telephones was t 
used in the detector circuit, described later. At 60 cycles the supply e 
was furnished by a sine wave generator and the detector was either E 
a vibration galvanometer or a Leeds and Northrup alternating cur- c 
rent needle galvanometer separately excited by means of a phase d 
shifting transformer using the method developed by Kouwenhoven 
Fic. 4.—Balanced Schering Bridge. t 
and Banosis). This latter method permits separate balancing of the 


power factor and capacitance, but where it is used in conjunction with 


should be maintained constant. 
The Schering bridge may be also used as a solidly grounded 
bridge, but unless guard electrodes with guard balancing equipmentis) r 
are used on the specimen, it possesses many of the disadvantages of b 
the other solidly grounded bridges. 


an amplifier in-the detector circuit, the operation of the amplifier c 
it 
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Using the parallel substitution method in the balanced Schering t a 
bridge eliminates all residual errors and with the Wagner ground the 
effects of capacitance from the specimen electrodes to ground are not — 
present. This bridge gave satisfactory results at both 60 and 1000 
cycles. It may also be operated at somewhat higher frequencies : | 
desired. It had ample sensitivity at both frequencies. > 


d OSCILLATOR AND DETECTOR 


The A.S.T.M. Tentative Method D 150-32 T gives one the 
choice of several types of 1000-cycle sources of supply. For this 
work the vacuum tube oscillator was chosen, using the Hartley) 
circuit and a No. 210 tube as the oscillator.’ The output of the 
oscillator was fed into a simple class A amplifier employing a No. 250 
tube. The output of the plate circuit of this tube could be con- 
nected to either a tuned air core variable coupling transformer or to 
a special iron core transformer. In both transformers primary and 
secondary were separated by shields. With these arrangements a 
supply of energy at 1000 cycles was available over a voltage range of 
5 to 300 volts. The frequency of the oscillator was adjusted to 1000 
cycles using a frequency sensitive Wien bridge and was checked by an 
oscillograph. It was found to be constant to within two cycles over 
the entire range of load and to be independent of normal changes in 
plate and filament voltages. The detector circuit consisted of a West- 
ern Electric type 104AE shielded output transformer feeding into a 
two- or three-stage resistance capacity coupled amplifier. ~The out- 
put of the last stage of this amplifier was fed through a one to one 
transformer and the telephones were attached to the secondary. 


4 
There are several methods available for determining the sensi- : 
tivity of bridges. In this work the series resistance bridge and the 8 
parallel resistance bridge were available in commercial form, and the ee * 
balanced Schering bridge was built up as shown in Fig. 4 from labora- 
tory equipment. th, 
In measuring the relative sensitivity of these bridges, they were eee 
balanced using a value of capacitor C’, of 300 wuf. Then assuming 
that the average size of specimen has a capacitance of 200 uyf., the oe 
change in the power factor balancing arm corresponding to a change eke 
in the power factor of the specimen of 0.0008 was calculated. The . 
power factor balancing unit was then upset by this amount and the 
resulting noise in the telephones reduced to extinction by an audi- 
bility meter. Then the power factor balance was restored and the 
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capacitance balance upset by 0.6 uuf. in C’, and the test ers 
In the case of the two commercial bridges, 30 volts at 1000 cycles was 
: Se applied to their input terminals, and in the Schering bridge the same 
BS Ant voltage was applied directly to the B and D bridge terminals. In 
* alll tests the amplification of the detector output was held constant. 
aa oh The results of a set of typical sensitivity measurements using all 
2 ere three bridges solidly grounded and with Wagner grounds disconnected 
ites are given below. A high reading of the audibility meter indicates high 
cope Re SETTING ov Aupisiity METER 


Commercial series resistance bridge................... ee 400 1300 
Commercial parallel resistance bridge..................... 29 74 


In the commercial parallel-resistance bridge the Wagner ground 
is solidly connected across the source so that when used as a grounded 
bridge it becomes a shunting impedance on the R; and R, arms. 
Using the bridge as it is designed commercially, and grounded, its 
sensitivity fell so that for the given power factor unbalance the audi- 
bility meter read 11 and for the capacitance unbalance 29. Using it 
with Wagner ground disconnected and 100,000-ohm boxes in R; and 
R; instead of the 10,000-ohm units furnished in the commercial bridge, 
its sensitivity reading was 150 for power factor upset and 500 for 
capacitance upset. Experience in operation and other ‘Sensitivity 


tests confirm the above results. Sct 
Accuracy STUDY OF THE BRIDGES 
ss In the Engineering Laboratories at The Johns Hopkins University 


there is available the Low Power Factor Standard of Kouwenhoven 
and Berberichao). Briefly this consists of a shielded and guarded 
loss-free capacitor connected in series with ideally shielded resistors. 
In this investigation two resistors were used, giving at 1000 cycles 
power factors of 0.03322 and 0.00325, respectively. The capacitance 
of the low power factor standard is 517.5 uuf., which is larger than 
that of the specimens, but well within the range of the three bridges. 

Only bridges employing the Wagner ground may be readily 
checked against the low power factor standard. A special guard 
circuit with complicated shielding is required for checking a grounded 
bridge. The double shielded series resistance bridge of Fig. 2, the 
commercial parallel resistance bridge of Fig. 3 and the balanced 
Schering bridge of Fig. 4, each equipped with its Wagner ground, were 
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checked against the power factor standard. In these tests the same 
source of power and detector arrangement were used. ‘The results 
are given in Table I. 

The results show good accuracy to within the sensitivity of the 
individual bridges. The series resistance and Schering bridges with 
a sensitivity of the order of 1 X 10° in power factor checked the 
standard in every test to within better than 3 x 10~ in power factor. 
In the commercial parallel resistance bridge a variation of 0.01 ohm 
in R, corresponds to a change in power factor of 3 X 10° at this 
value of C,. This small change in R, is difficult to detect at 1000 


TABLE I.—RELATION OF MEASURED POWER FACTOR TO STANDARD. < 7 


PowER PowER MEASURED 


BRIDGE Factor PAcToR CAPACITANCE 
Series (Pid. 2)... twee 0.03322 0.03322 517.6 
0.00325 0.00322 ee 
Parallel resistance (Fig. 3), 10,000 ohm.......... 0.03322 0.03315 
0.00325 0.00314 517. 
0.00325 0.00332 517. 
Parallel resistance (Fig. 3), 100,000 ohm......... 0.03322 0.03320 516. 
0.00325 0.00322 516. 
0.00325 0.003245 517. 


Laminated bakelite Round 0.192 5.93 0.0368 6 
ds ade bakelite Square 0.192 5.94 0.0367 8 
Clear yellow bakelite Square 0.1768 7.01 0.0566 
Clear blue bakelite.....| Square 0.1918 3.93 0.00696 
ine Square 0.0638 4.73 0.0200 over 48 
‘aper ted.......| Square 0.1279 5.38 0.0248 6 
ZM-264....................] Black bakelite......... Square 0.1188 6.55 0.1175 s 


cycles. The differences between the true and measured values given 
in Table I are directly attributable to the lower sensitivity of this 
bridge. Using 100,000-ohm resistance boxes in the R; and R, arms 
of this bridge, an excellent check was obtained with the power factor 
standard. 


Specimens ¥ were employed in the further comparison of the _ 


bridges. They were used in the study of the solidly grounded and 
Wagner grounded bridges, in the comparison of the results on guarded 
and unguarded specimens, and on the effects of guard spacings.. The 
electrodes were of lead foil and on specimens without guards were 
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TABLE II.—ELECTRICAL PROPERTIES OF TYPICAL SPECIMENS. 
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r Specimen Material Form | Thickness, | Dielectric | Power | Reach Final “i; 
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4.5 in. in diameter. On guarded specimens the siiiieatiaity deviant 


was a 6-in. round or square disk, depending upon the sample, and the 
low voltage electrodes 4.5 in. in diameter. Table II gives a list of 
typical specimens referred to in this paper and their electrical proper- 
ties as measured with guard electrodes at 30 C. and 60 per cent 
relative humidity. 

The importance of maintaining constant temperature and hu- 
midity of a specimen during a test has already been referred to. 
A box 7.5 in. square by 5.5 in. high was used to hold the specimens. 
This box was placed in an oil bath and provided with thermostatic 
control which maintained the temperature constant to within +0.1 C. 
The humidity within the box was held at a constant value by the use 
of a concentrated ammonium nitrate solution. The constant tem- 
perature-humidity chamber is shown in Fig. 5. 

In Fig. 5 may also be seen the spring and weight contacts found 
convenient and satisfactory for the rapid interchange of specimens. 
The brass weight, about 1 lb., was sufficient to depress the spring and 
at the same time insure good contact with the guard shield. The 
latter was removed when measuring specimens with equal electrodes. 

Tests were made on the same specimens, using No. 30 B. & S. 
leads soldered to both upper and lower electrodes and then replacing 
the leads with the weight and spring contact of Fig. 5. The results 
are given below on specimen L-1 as measured in two of the bridges 
after being held at constant temperature and humidity for over 24 
hours: 


Bridge Cz, Dielectric | Power 
Bridge Ground | Contacte | nen Constant | Factor 
Commercial series resistance......... 115.0 6.17 0.0350 
Commercial series resistance | Ree Weight and spring....... 115.9 6.22 0.0348 

Wagner......... Weight and spring....... 110.5 5.93 0.0368 


Both electrodes on the specimen were 4.5 in. in diameter. The 
tests on the solidly grounded commercial series resistance bridge, 
where the measured capacitance includes the capacitance of the high 
voltage electrode to ground, show that the weight increased this 
capacitance by nearly 1 wuf. When a Wagner grounded bridge was 
used, the results show clearly that the capacitance of the specimen 
and its power factor are exactly the same for both types of connection. 

The importance of maintaining specimens at constant tempera- 
ture cannot be overemphasized. For example, specimen C; at 20 C. 
had a power factor of 0.035 and a dielectric constant of 6.64; at 30 C. 
these values had increased to 0.056 and 7.01, respectively. This also 
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brings out the desirability of measuring specimens throughout their 
working temperature range. 

The A.S.T.M. Tentative Method D 150-32 T provides that a 
specimen shall be held at constant temperature and humidity for 
48 hours before testing. With this requirement in view, a series of 
measurements was made on a number of specimens at intervals after 
the thermometer indicated constant temperature, and the results are 
given in Fig. 6. It may be seen that the change in power factor of 
the specimens measured was negligible after 6 or 8 hours at constant 
temperature. 

It is recommended that in practice, readings be taken at intervals 
after a specimen has been placed in a constant temperature container, 


TABLE III.—DaATA FOR SPECIMENS TESTED IN THE CONSTANT TEMPERATURE Box 


Dielectric Percentage 
Power 
Constant, Difference 
K ater | 
6.17 0.0350 +4.6 
6.17 0.0360 +4.6 
6.15 0.03588 +4.2 
5.885 0.03675 0 
5.900 0.03690 0 
7.23 0.0525 +3.4 
7.15 0.0521 +2.3 
7.18 0.0507 +2.7 
6.99 0.0555 0 
4.07 0.0071 +3.5 
4.06 0.00682 +3.3 
3.93 0.00696 0 


and that a power factor- time curve be plotted. This will be 
helpful in determining when the specimen has reached equilibrium. 
It is also interesting to note that over the range of 25 to 300 
volts at 1000 cycles, no differences were found in the constants of the 
materials tested. Hartshornq obtained similar results on sheets of 
varnished cloth. | 
THE WAGNER GROUND ice 
— capacitance from the high voltage electrode to ground causes 
an error in the solidly grounded bridge. It may be eliminated by 
the use of the Wagner ground as already mentioned. In Table III 
are given data for three specimens, L-1, C-1 and C-25 which were 
tested in the constant temperature box, using fine wires soldered to 
their 4.5-in. electrodes. In the case of specimen C-25 using the 
Wagner ground, guard electrodes were employed. The measured 
value of the specimen capacitance C, was corrected, using the edge 
correction C, of Hochaz) and the dielectric constant of the specimen 


of “a ; 


834 KOUWENHOVEN AND MARKS 
lig 
4 
if 
= 
if 
Specimen Bridge Grounding 
Series resistance.....| Solid.......] 115.0 
Parallel resistance... | Solid.......| 115.0 
resistance....| Wagner.....| 109.5 
Schering............| Wagner.....| 109.8 
Series resistance.....| Solid.......} 146.2 
.. } | Parallel resistance....| Solid....... 144.5 
Schering............| Solid.......} 145.2 
Schering............] Wagner..... 141.2 
AR Parallel resistance....| Solid.......| 78.7 
Bi 
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calculated from the corrected value. A study of Table III shows 
clearly that the dielectric constant is too high for specimens measured 
in any one of the three bridges when solidly grounded. The calcu- 
lated power factor is also in error in such cases. When, however, 
the Wagner ground was used, this stray capacitance was eliminated 
and the results are much more accurate. 


GUARD ELECTRODES 


A number of experiments were made using guard electrodes to 
check the edge correction and the effects of surface leakage at 60 per 
cent relative humidity. In Table IV are given typical results of 
measurements on four specimens of varying thickness. All of these 
were measured after having been held at constant temperature for 
at least 20 hours. Measurements were made using equal 4.5-in. 
diameter electrodes on both surfaces, and using the same sample with 


TaBLeE IV.—Tests MApr WITH AND WITHOUT GUARDS ON SCHERING BripDGE WITH 
WAGNER GROUND. 


Specimen Electrodes Cz, wut. | Ce, wut. | Dielectric | Power | ‘Thickness, 

Guards............. 3.93 | 0.00696 | 0.1913 
76.7 3.6 3.91 0.00705 

268.7 4.1 4.73 0.01987 

12.9 | .... 5.95 | 0.03685] 0.192 

115.3 4.8 5.93 0.0368 

Guards............. 142.9 | .... 7.01 | 0.0566 | 0. 
146.4 | , 5.2 6.99 | 0.0555 


a 6-in. electrode on one side and a 4.5-in. electrode with guard ring 
opposite. The spacing between the guard ring and electrode was 
small. In Table IV C, is the measured value of specimen capacitance. 
In calculating the dielectric constant with guard ring, the effective 
radius of the 4.5-in. diameter electrode must be increased by one-half 
of the spacing between the guard ring and the electrode. With equal 
electrodes the edge correction C, was used. 

The results of Table IV show that over the rather wide range of 
thickness and dielectric constant, Hoch’s correction gives good re- 
sults, and that surface leakage was negligible. 

In applying guards to a specimen, care must be taken to keep the 
spacing between the guard and the electrode small, otherwise errors 
will be introduced by the non-uniform flux distribution in this space, 
which is considered as uniform in calculating the equivalent air ca- 
pacitance. A series of tests was made on specimens of different 
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thickness varying the spacing between the guard ring —" a main 
electrode from 0.025 to 0.2 in. The dielectric constant and the power 
factor were calculated for each spacing and specimen and the results 
plotted as a function of guard spacing. As the spacing increased, 
there was a falling off in dielectric constant as calculated which was 
more rapid the thinner the specimen. There was also a slight change 
in the calculated power factor. These curves were extrapolated to 
zero guard spacing and the resulting dielectric constant and power 
factor considered as the true constants of the material. yer 
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In Fig. 7 the results for four specimens are plotted with the 
ratio of guard spacing to specimen thickness as abcissa and with the 
constants of the specimens reduced to the same scale as ordinates, the 
true values being taken as 100 for each specimen. A study of Fig. 7 
shows that when the guard spacing was one half the specimen thick- 
ness, the calculated dielectric constant was about 0.6 per cent low, 
while the maximum error in power factor was less than 0.25 per cent 
for any of the four specimens. When the guard spacing was one- 
fourth of the thickness, the error in dielectric constant was 0.25 per 


cent and eeanads in power factor. 
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The A.S.T.M. Standards call for a minimum specimen thickness 
of 0.1 in. This means that the guard ring spacing should be 0.025 in., 
which can be readily obtained provided the lead foil is cut with a 
pair of dividers. 

Using the guard electrodes properly spaced or equal electrodes 
accurately centered gave good results at 1000 cycles. Experience 
indicated that it was somewhat simpler to use guard electrodes than 
accurately to center equal electrodes. 

REPRODUCIBILITY OF RESULTS Faw 

There are so many variables and sources of error that enter 
into the measurement of dielectric constant and power factor of 
specimens that it is interesting to determine to what extent results 
are reproducible. 


ay TABLE V.—MEASUREMENTS MADE IN THE SCHERING BRIDGE. 


Hours Power DIELECTRIC 
aT 30 C. Factor CONSTANT 


12/7/32 0.0368 5.93 
12/16/32 0.0368 5.95 - 
0.0369 5. 90 


0.0367 


0.02005 4.73 
0.02005 4.74 
0.01975 4.73 

The results of a number of measurements made at different times 
on various specimens in the Schering bridge are given in Table V. 
Specimen L-2 was cut from the same sheet as specimen L-1. From a 
study of the data in Table V and the results of other tests it was found 
that the results were reproducible to within 1 per cent in dielectric 
constant and to better than 5 per cent in power factor. 

1. The use a the substitution method of measurement eliminates 
inherent bridge errors. 

2. The results obtained with solidly grounded bridges as recom- 
mended by the A.S.T.M. method are subject to errors due mainly to 
stray capacitances to ground. 

3. The use of the Wagner ground eliminates errors arising from 
stray capacitances to ground, and permits guard electrodes to be 
used without complications in the bridge circuit. Means, however, >; 
should be provided for readily disconnecting the Wagner ground. age eure. 
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4. The series resistance bridge has ample sensitivity, but as a 
grounded bridge its accuracy is impaired by stray capacitances. A 
double shielded series resistance bridge allows the adoption of a 
Wagner ground and gives excellent accuracy. 

5. The sensitivity of the parallel resistance bridge at 1000 cycles 
is increased by the use of larger resistances in the R, and R, arms. 
This is especially desirable when the bridge is used with small speci- 
mens of low power factor. 

6. The balanced Schering bridge equipped with a Wagner ground 
provides in a single bridge a wide range of frequency operation, and 
would serve equally well for measurements at both 60 and 1000 cycles. 
It has ample sensitivity and accuracy. 

7. Guard electrodes may be readily applied to specimens when 
using bridges employing the Wagner ground. With the proper guard 
spacing they eliminate edge corrections, and do not require a center- 
ing operation. 

8. Equal centered electrodes, using the proper edge corrections, 
give results consistent with those obtained with guard electrodes. The 
edge corrections proposed by the Society were checked very closely 
considering the wide differences in specimens and conditions. The 
effect of surface leakage at 1000 cycles and 60 per cent relative humid- 
ity was found to be negligible. 

9. It is important that specimens be maintained at constant 
temperature while testing until equilibrium is reached and that their 
constants should be measured throughout the working range of 


The following practices are recommended for the measurement 
of dielectric constant and power factor of specimens at 1000 cycles: 

1. The use of the substitution method. 

2. The use of a Wagner grounded bridge provided with means 
for readily disconnecting the ground if desired. 

3. The use of the balanced Schering bridge, equipped with 
Wagner ground, as the standard test method at both 60 and 1000 
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pe Mr. J. G. Fercuson! (presented in written form).—At the time the 
tentative test for dielectric constant and power factor at radio frequen- 
cies was prepared, the subject of the various errors involved in the 
determination of dielectric constant and power factor was investigated 
thoroughly and a full discussion of these errors is to be found in the 
paper by Hoch? from which the fringe effect correction contained in 
the present method was taken. At that time the accuracy which was 
considered satisfactory at radio frequencies was such that correction 
for capacitance to ground from the high terminal of the sample was 
considered unnecessary. Later when the standard for 1000-cycle tests 
was written, this correction was again neglected although at this fre- 
quency the accuracy expected is high enough to make it appreciable, 
and enclosing the sample in a container for the purpose of maintaining 
control of temperature or humidity increases the correction. 

This error should not perhaps be considered strictly a bridge error. 
For the computation of the dielectric constant, the capacitance required 
is the direct capacitance between the electrodes and the error consists 
in measuring the grounded capacitance. Any method which measures 
grounded capacitance will be equally in error. If the error is large 
enough to require consideration, some method should be used which 
furnishes a direct capacitance measurement. Such a measurement can 
be made using the parallel bridge, Fig. 3 of the paper, if modified by 
putting the double shielded transformer across BD, grounding the C 
corner and double shielding the adjustable standards. The measure- 
ment is then made by transferring the direct capacitance from the CD 
arm to the AD arm, as described by Campbell. A more common 
method is the use of the Wagner ground which was developed by 
Wagner primarily to measure the direct capacitance of cable. This 
modification can be made readily to any of the bridges considered in 
the paper. It is unfortunate perhaps that the authors chose the series 
bridge to modify with the Wagner ground rather than the parallel 
bridge since a series bridge always requires more shielding. 

The principal objections to the Wagner ground are that it requires 
additional controls and four balances are required for any measure- 
ment, two bridge balances and two Wagner ground balances. 

1 Bell Telephone Laboratories, Inc., New York City. 
*E. T. Hoch, “Electrode Effects on the Measurement of Power Factor and Dielectric C 
of Sheet Insulating Materials,” Bell System Technical Journal, Vol. 5, p. 555 (1926). 


3G. A. Campbell, “‘ Measurement of Direct Capacitance,” Bell System Technical Journal, Vol. 1, 
p. 18 (1922). 
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The substitution method is undoubtedly the most accurate method 
of operation, the only objection to it being that it requires a little addi- 
tional equipment. For accurate results this method is essential in the 
case of the Schering and series resistance bridges, but not in the case 
of the parallel bridge. It can be avoided by making the original cali- 
bration by substitution and using the direct comparison method for 
regular operation if the bridge is adequately shielded. 

From the operator’s standpoint, the bridge should be as nearly 
direct reading as possible. While none of these bridges measures power 
factor directly, and in fact it would bea very difficult matter to design 
one to do so, on the other hand the parallel bridge is practically direct 
reading for conductance while the other ween do not read directly 
either conductance or resistance. 

Regarding sensitivity, it is obvious that for the particular purpose 
considered where the reactance of the sample is in the order of 500,000 
ohms, all impedances should be as high as practicable, including ‘the 
impedances of the source and detector. It is somewhat questionable, 
however, how far we should go in this direction if it involves a sacrifice 
of the general usefulness of the bridge for other purposes, since sensi- 
tivity is usually rather a minor consideration. 

In conclusion I would recommend the following changes i in Tenta- 
Omission of the bridge of Rosa “arid Grover. 


per 2 Modification of the series resistance bridge to include a Wagner 


ground. 


sae Inclusion of the parallel resistance bridge modified both by the 

a a use of the Wagner ground and by shielding adequately to 

permit the measurement of direct capacitance without the 
Wagner ground. 


_ 4. Inclusion of the Schering bridge a Ww agner and 


- 


the substitution method. 
For 60-Cycle Tests: 


1. Modification of the Schering “bridge to include a il 

A ground. 
ee 2 = Modification of the parallel resistance bridge either by including 
»...» a Wagner ground or by shielding and grounding it so that 
it will measure direct capacitance without the Wagner 

‘ow ground. 


ifentative Method of Testing Electrical Insulating ‘Materials for Power Factor and Dielectric 
Constant (D 150-32 T), Proceedings, Am. Soc. Testing.Mats., Vol. 32, Part Lp. 820 (1932); also 
1933 Book. of AS.T. M. Tentative Standards, p. 778. 
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Mk. I. M. Stein! (presented in written form).—The authors recom- 
mend (1) the use of the substitution method, (2) the use of a 
Wagner grounded bridge provided with means for readily disconnect- 
ing the ground if desired, and (3) the use of the balanced Schering 
bridge, equipped with Wagner ground, as the standard test method at 
both 60 and 1000 cycles. 

The first recommendation would appear to be unwarranted, 
although there is no reason why a substitution method should not be 
used if its use does not involve complications in the balancing of the 
bridge. In general, substitution methods require extra operations, but 
these extra operations cannot be avoided when the accuracy sought in 
the result is beyond the limit that can be obtained with direct-reading 
apparatus. In some cases, even though adequate direct-reading appa- 
ratus is available generally, it is not available to the particular user 
and he must resort to substitution methods. Then too, even though 
the direct reading apparatus were available to the particular user, he 
might be in some doubt with regard to its calibration at the time. In 
this case, however, a single substitution measurement or some other 
check provided in the apparatus usually would settle the question as 
to whether or not the apparatus was in proper calibration. 

Considering the requirements to be met by the apparatus as speci- 
fied in the tentative methods, it seems clear that direct-reading appa- 
ratus could be obtained from several sources to meet the requirements. 

It should be pointed out that the apparatus shown in Fig. 4 of the 
paper, which shows the recommended balanced Schering bridge, does 
not utilize a true substitution method, but only a partial substitution 
method. The method is a substitution one in so far as the capacitance 
measurement is involved, but the more important measurement of 
power factor requires the operation of condenser C;, which is not in 
the “X” arm of the bridge. 

Referring to the second recommendation, we are in agreement 
that the Wagner ground connection be specified as one satisfactory 
method of avoiding lead errors in the measurements called for by the 
tentative method. The ratio box, which was used in some of the 
measurements discussed in the paper, is, as the paper states, regularly 
equipped with a Wagner ground connection. Simple means for dis- 
connecting the ground can readily be provided, but it should be pointed 
out that no such means are indicated in Fig. 4 of the paper, showing 
the balanced Schering bridge. 

In agreeing that a Wagner ground may be used on the bridge, we 
do not agree with using it in the manner shown in the balanced Schering 
bridge of Fig. 4. A well-known objection to the ordinary Wagner 
ground connection, as shown in Fig. 4, is that it complicates the oper- 


1 Director of Research, The Leeds & Northrup Co., Philadelphia, Pa. 
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ation of the bridge because the Wagner ground circuit has to be read- 
justed each time the main bridge setting is changed and a trial and 
error method is necessary to obtain a simultaneous balance in the main 
bridge and in the Wagner ground circuit. Such successive adjustment 
of the Wagner ground would appear to be necessary in making the 
initial balance on the balanced Schering bridge and again when making 
the final balance due to the fact that the final balance is obtained by 
adjusting condenser C;. With a fixed 1 to 1 ratio arm bridge as used 
in the parallel resistance bridge indicated in Fig. 3 of the paper, the 
initial adjustment of the Wagner ground can be made very conven- 
iently in a direct manner and the Wagner ground balance is then fixed 
for all later adjustments of the main bridge. 

Also in agreeing that a Wagner ground be specified as one satis- 
factory method for taking care of lead errors, we do not agree that the 
Wagner ground be specified as the only satisfactory method for the 
purpose. As is well known, the solidly grounded bridge may be used 
for the measurement of direct capacitances, and when so used, the lead 
capacitances do not enter into the measurement. For instance, if we 
consider the sample holder with its shielded leads as a direct capaci- 
tance which it is desired to measure and having two auxiliary capac- 
itances, one in one lead and one in the other, and consider a ground 
point bridge as shown in Fig. 3 of the paper, then the direct capacitance 
in the sample holder can be determined from two bridge balances as 
follows: In the first bridge balance, the direct capacitance is across the 
points DC, one of the auxiliary capacitances is across the points AD, 
and the other auxiliary capacitance is across the points AC. For the 
second balance, the two conductors connected to point C are discon- 
nected from point C and connected to point A. For this connection Nee 
the direct capacitance is placed in parallel with the auxiliary capaci- 
tance which was across the points AD in the first balance and the sy 
auxiliary capacitance which was across the points AC is short circuited. 
The direct capacitance is found by taking one-half the difference be- 
tween the two bridge balances. With connections properly provided : 
in the bridge, the switching of connections between the first balance i 
and the second balance can be made without introducing any error 
due to auxiliary lead capacitances. This method is more appropriate 
than the Wagner ground method when making measurements under 
such conditions that one terminal of the direct capacitance must be 
grounded at all times. The Wagner ground method is the appropriate 
method when measurements are to be made under such conditions that 
neither terminal of the direct capacitance is grounded, the ground 
being on the enclosing shield. 

Referring to the third recommendation, while it might be desirable 
to include the balanced Schering bridge equipped with Wagner ground | 
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as one acceptable method, the recommendation that it be adopted as 
the standard test method at 1000 cycles seems unwarranted. 

The balanced Schering bridge as shown in Fig. 4 has a singly 
shielded input transformer whereas we should recommend the use of 
a doubly shielded transformer in order to avoid inconvenience due to 
variable conductance in the transformer itself. The commercial par- 
allel resistance bridge described in the paper is provided with a doubly 
shielded transformer for this reason. 

The parallel resistance bridge described in the paper is not only 
useful for measurements at 1000 cycles, but as regularly made is useful 
up to 50,000 cycles, and by merely changing the input transformer to 
one with more suitable characteristics may be used at frequencies up 
to radio frequencies. 

Referring to the precision of setting with the 10,000-ohm resistors 
for R, and R,, R, being adjustable in steps of 0.01 ohm, and considering 
a test specimen with a capacitance of approximately 500 uf. as used 
in the measurements described on page 831 in the paper, a variation in 
one step on the 0.01 ohm dial of R,; corresponds to 0.00003 in power 
factor at 1000 cycles. This corresponds to 3 in the last decimal place 
in the measurements discussed in the paper, whereas for the require- 
ments of the tentative methods, a precision of setting of 3 in the next 
to the last decimal place would be adequate for all of the measurements 
indicated in the paper. Accordingly, even when used with the low 
sensitivity detector used by Kouwenhoven and Marks, the parallel 
resistance bridge is capable of measurements well beyond the accuracy 
and precision called for by the tentative methods. According to our 
understanding of the amplifier used by Kouwenhoven and Marks, it 
has a low amplification ratio (in the order of 20). Using the relatively 
inexpensive oscillator and tuned detector amplifier intended for use with 
this bridge, a sensitivity considerably greater than would be necessary 
to read to the last decimal place shown in the paper is : vailable. 

Referring to accuracy in the parallel resistance bridge, the only 
limitation in the power factor measurement is the phase defect in the 
ratio coils, and the residual inductance or capacitance tolerance in 
these ratio coils is so small that at 1000 cycles, the maximum error in 
power factor from this cause would not exceed 0.000001. This is so 
small as to be altogether negligible. 

It would seem from some of the discussion in the paper that ‘the 
authors have in mind a type of bridge useful for measuring low-power- 
factor oil samples rather than solid dielectrics, as called for in the ten- 
tative methods. While it would appear to be highly desirable to adopt 
standard test methods for solid material which could be readily modi- 
fied when the power factor of oils is to be measured, it would seem tc 
us to be very unwise to burden the purchaser of an equipment for meas- 
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uring solid materials with the added cost of the equipment necessary 
for measuring low-power-factor oils. With the parallel resistance 
bridge, the precision of setting necessary for measurements on low- 
power-factor oils can be obtained quite simply by adding two units to 
the bridge—one a fixed 90,000-ohm resistor to be connected in series 
with the variable resistor R,, and the other a 100,000-ohm fixed resistor 
to be substituted for R.. With this change, the precision of setting 
would be 100 times as great as when the 10,000-ohm resistors are used 
and there would also be a corresponding gain in sensitivity which 
would be useful in measurements on low-power-factor oils. 

The balanced Schering bridge of Fig. 4 appears to be open to 
another objection in addition to the objection already cited of incon- 
venience in balancing the Wagner ground. This has to do with its 
use at comparatively high voltage. The Schering bridge has been 
given a great deal of publicity since it was first proposed in 1920. 
The publicity has resulted in rather extensive use and the extensive 
use has led to refinements which have made it possible to construct 
really precise bridges of this type. However, the Schering bridge has 
no particular merit with regard to precision, as completely shielded 
bridges capable of extreme precision were described by Campbell in 
1904, have been improved and extended by Shackelton, Ferguson and 
others, and have been used extensively. The real point of merit in 
the Schering bridge is that when used for high voltage measurements, 
the adjustments to balance the bridge can be made on units which are 
very nearly at ground potential. This leads up to the point that the 
balanced Schering bridge shown in Fig. 4.of the paper sacrifices this 
one outstanding point of merit in the Schering bridge, as some of the 
adjustable units in the Fig. 4 bridge are at high voltage when high 
voltages are used. This does not mean to say that the Fig. 4 bridge 
is not an acceptable method for making the measurements called for 
by Methods D 150 — 32 T, but is intended merely to indicate that the 
bridge shown has no particular merit over precise bridges of other types. 

Mr. Dean Harvey’! (by letter).—I wish to call attention to a port- 
able power factor instrument recently placed on the market, primarily 
for testing the insulation of transformer and circuit breaker bushings 
in the field. The power factor set uses the inverted Schering bridge 
principle, arranged to allow the testing of bushings. The novel feature 
of this portable bridge is that bushings can be tested without having to 
drop the oil in the tank to disconnect the bushing from the winding. 
Tests have been made successfully on bushings in the field ranging 
from 6.9 to 230 kv. 

Power factor and capacity tests have given a more complete 

1 Materials Engineer, Material and Process Engineering Dept., Westinghouse Electric and 
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knowledge of the condition of bushing insulation than any other tests. 
The value of a test that can predict trouble before failure actually 
occurs cannot be overestimated. 

An article describing the design and tests of this bridge was pub- 
lished in the January, 1934, issue of Electrical Engineering under the 
subject of “Portable Schering Bridge for Field Tests,’ by Messrs. 
Watts, Burr and Hill. 

Messrs. W. B. KOUWENHOVEN! AND L. W. Marks? (authors’ 
closure by letter).—Perhaps the circuit diagrams in our paper give the 
impression that we do not recommend the use of the Wagner ground 
with the parallel resistance bridge. Such, however, is not the case as 
we stated in the text, page 826, that the Wagner ground may be used 
with the parallel resistance bridge. 

Mr. Ferguson in his discussion has presented a clear picture of the 
importance of ground capacitance. Unless it is either eliminated or 
corrected for, its presence will cause an error not only in the calculated 
dielectric constant but also in the power factor of the specimen. 

The Campbell method of measuring direct capacitance does not 
allow the simultaneous measurement of the true power factor. 

Mr. Stein is correct in his statement that the bridge shown in our 
paper does not use a strict substitution method. In the text, page 
829, we recognized this and named it a “parallel substitution method.” 
This particular type of substitution has several advantages. It is also 
just as accurate for power factor measurements as for capacitance. 

We recommend definitely that all bridges equipped with Wagner 
grounds should be provided with means for readily disconnecting same. 
We indicated by means of double dots (Figs. 2 and 4) that the 
Wagner ground was connected to binding posts at these points. 

We had no difficulty in adjusting the Wagner ground in any of 
the three bridges studied. It must be kept in mind that when the 
specimen is connected in the parallel resistance bridge, its capacitance 
to ground affects the Wagner ground balance, which must be readjusted 
to take care of the change. 

As pointed out by Mr. Stein, there are other methods than that 
of the Wagner ground for eliminating lead errors. For example, in 
our high-voltage cable measurements at Johns Hopkins University 
we use solidly grounded bridges* in which such errors are eliminated. 
In these solidly grounded bridges doubly shielded transformers are 
used to connect the detector to the bridge. At low voltages, however, 


a Wagner ground simplifies the measurements. eiert 
! Professor of Electrical Engineering, Johns Hopkins University, Baltimore, Md. stent 
2 Student Engineer, General Electric Co., Schenectady, N. Y. Six% 


2 W. B. Kouwenhoven and A. Banos, Jr., ““A High Sensitivity Power Factor Bridge,’ Transactions, 
Am. Inst. Electrical Engrs., Vol. 51, p. 202 (1932). 
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THE VIBRATING WIRE METHOD OF 
MEASURING DEFORMATIONS 


By N. DAVIDENKOFF! 


The enormous construction program being carried out by the 
Union of Soviet Socialist Republics presented the problem of verify- 
ing under natural circumstances the technical data forming the basis 
of these engineering projects. This work required an instrument for 
use in tension, pressure, deformation, settling, etc. This led the In- 
stitute of Technical Physics and the Institute of Buildings at Lenin- 
grad, in 1926, to start the development of the vibrating wire method 
for measuring deformations in engineering structures. The develop- 
ment was carried out simultaneous to but independent of Schaefer’s 
work 1)? on the same problem in Germany. 

190 
THE PRINCIPLE OF THE WIRE METHOD 

The method depends upon the measurement of the pitch or 
vibration of a stretched wire, which in turn is a measure of the tension , 
applied. The fundamental natural frequency of a stretched wire is: * 


21 p 

where V = the fundamental frequency (pitch of the emitted sound), 

| = the length of the wire between stretching grips, 

oa = tensile stress in the wire, and 

p = density of wire material (mass per unit volume). 
When the distance between the points of support is changed slightly, 
the stress in the wire changes rapidly, giving rise to a change in the 
natural frequency of the wire. From Eq. 1: 


The accuracy of the vibrating wire method of measurement 
depends largely on the accuracy of measuring the vibration frequency 
of the wire. In the field the frequency can be determined with an 
error of 1 to 2 cycles per sec. In the laboratory the error is reduced 
to 0.1 cycle per sec. lena 

From Eqs. 1 and 2: 


AM 


For a given Ag, the sensitivity, AN, is increased by decreasing / 
and 


1 Professor of Testing and Strength of Materials, Industrial Institute, Institute of Technical 
Physics, Institute of Buildings, Leningrad, U. S. S. R. (Russia). 

2 The boldface numbers in parentheses refer to the reports and papers — in the list of references 
appended to this paper, see p. 860. S| 
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The lower limit for o is reached when the wire no iets emits a 
pure tone owing to its own stiffness). A stress less than 15 kg. per 
sq. mm. is not usable. Similarly if / is too short, end conditions 
become too important. For a diameter of 0.2 mm. the length should 
be at least 5cm. Lengths greater than 6 cm. are preferable. 

For AN = 1 cycle per sec., o = 15 kg. per sq. mm.; p= 
0.000008 kg. per cu. cm. (steel wire) and / = 4 cm., Ao = 1.75 kg. 
per sq. cm. corresponding to an extension of 0.000035 mm. or a strain 
of about 0.000001 cm. per centimeter. If / = 10 cm. and o = 40 
kg. per sq. mm., 1 cycle per sec. change in frequency corresponds to 
a change in stress of 7.2 kg. per sq. cm. or a strain of 0.0000035 cm. 
per centimeter. 

In practice the error in measuring strains does not exceed 0.000010 
cm. per centimeter. In cases where the gage length is longer than the 
vibrating wire the error is reduced (for example, in the tensometer 
the error does not exceed 0.000005 cm. per centimeter). 

Naturally the actual relationship between AN and Ac is obtained 
by calibration and not by using Eqs. 1, 2 and 3. 

In cases where the measurements of actual deflections are im- 
portant (earth dynamometers, expansometers) Eq. 3 can be written: 

an 
po 
where E is the modulus of elasticity of the wire material. From this 
it is seen that it is very important to use small values of 1. 


‘ METHOD OF MEASURING THE PITCH OF THE WIRE NOTE 


The method of measuring the pitch of the extensometer vibrating 
wire was the subject of a long development. The first method tried 
was a comparison method in which a calibrated, tuneable wire was 
stretched until its frequency coincided with the frequency of the 
extensometer. In order to insure accuracy and the elimination of 
personal error several electrical systems were developed. In all these 
systems an electromagnet placed near the wire acted as an exciter 
and in the final development also as a detector. Three general 
electromagnetic methods were tried: 
l. Resonance method. Ms 

tad 4 3. Method of listening to damped oscillations. j= = 
' . Certain disadvantages in the self-excitation method and the 
~ method of listening to damped oscillations eliminated them from con- 
sideration and the resonance method was chosen as the most suitable 

for continued use. 
In this system an electromagnet with windings fed from an audio- 
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frequency triode oscillator with suitable amplification is placed near 
the center of the extensometer wire which must be made from a 
magnetic material. The oscillator is tuned until the frequency of the 
magnetic pull is in resonance with the lowest natural — of 
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Fic. F eatures of Method of Pitch of ire. 
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Fic. 2.—Variant of the Bridge Hook-up. 


the wire. When the wire is in resonance, the sound it emits becomes 
intense enough to be heard by the ear or through a microphone. In 
places where it is impossible to use direct observation by ear or by 
microphone a second electromagnet can be used as a detector of the 
vibration. In the final she of the development the same electro- 


DAVIDENKOFF ON VIBRATING WIRE METHOD 849 ae 
L 
| 
} 
| 


850 DAVIDENKOFF ON VIBRATING WIRE METHOD: ie 


magnet acted both as an exciter and a detector, thevelyy eltainaiiien 
the double transmission needed for the method using two magnets. 
The essential features of this system are shown in Fig. 1. The 
electromagnet is placed near the wire and its winding L, is connected 
as a self-induction in one arm of a bridge. The other arms consist 
of the self-inductance and two resistances R,; and The current 
aa of the generator is applied at C and D. When L; = J, and R, = R; 
i no current flows in the diagonal AB. If the wire oe L, changes, 
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D- Receiving upon galvanometer 
Receiving by hearing 


i 
Winding of Schaefers button 


Fic. 3.—Diagram of Complete Hook-up. 
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Fic. 4.—Extensometer Suitable for Measuring in W 


unbalancing the bridge, and an alternating current flows through A 
and B to the amplifiers connected to the observer’s telephone. Fig- 
ure 2 shows a variant of the bridge hook-up which was adopted as 
the final form to be used. Two transformers 7; and 7: supplied by 
the same generator oscillate with equal amplitude and frequency, 
but in opposite phase. One of the arms of the bridge contains the 
self-inductance L; of the electromagnet near the vibrating wire and 
the other arm contains a balancing self-inductance Zz. When the 
wire begins to resonate the balance of the bridge is disturbed and a 


ees signal is heard in the enna Figure 3 shows the diagram of the 
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complete hook-up used. 
closing the contacts S or visually by closing the contacts D. 


Various APPLICATIONS OF METHOD 


ical problems as described in detail below. 
Measurement of Stresses in Structures: 


sharp nails. Naturally other suitable clamps could be used 


obtained at the various projects named: 


The signals can be received aurally by 


The methods and instruments described above have been used 
on a great variety of civil engineering projects and on some mechan- 


Figure 4 shows an extensometer suitable for measuring deforma- 
tions in wooden beams. The wire, A, is fixed to a removable steel 
frame, B, and held by a conical clamp, C, and guide pin, D. The 
distance of the wire from the beam under investigation is kept con- 
stant by a stretcher, G, with a rubber washer. A spring clamp, F, 
is used for tuning. The instrument is fixed to the wood by means of 


Experimental measurements of rock pressures in tunnels have 
been made by measuring the stresses in the upper and side props in 
mine sets of the trapezoidal type. The extensometer is attached near 
the point of maximum bending moment and the set is unloaded by 
removing the load from the trapezoidal frame as by means of tempo- 
rary auxiliary supports. As many as ten consecutive sets are measured 
in order to obtain a mean value along the tunnel. From the stress 
in the caps the load on each square meter of the roof can be calcu- 
lated by assuming either a uniform or parabolic load distribution. 

In order to calculate stresses from the measured strains, the 
modulus of elasticity of the wood must be measured. For this pur- 
pose each prop with its extensometer was removed to the surface and 
tested as a simple beam by loading with a pan and weights. 
direct relationship between bending moment and strain secured in 
this way eliminates possibilities of large errors. A mean deviation 
of 16 per cent in the value of Young’s modulus of elasticity has 
been obtained at Ulbastroi. The table below gives some values 


State of 
Strata 


Number 
of Frames 


Name of 
Construction 


(1929) Dacite........ 1 2.0 7.0 
weathered 


Gizeldonstroi* (1930) (5) Limestone Very friable... 


Strong........ 
Ulbastroi® (1981).....{ |  *tlorite- Weak......... 42 1.96 0.94 
shale Disintegrated 1.96 1.45 
Kaolinized Moist......... 7 | 2.27to2.70| 2.55 to5.1 
Daljeldorstroi¢ (1932) . \ | Saturated... 4 | 2.30 to 2.37 | 6.45 to 8.45 
Weathered tuffs.| Tough........ 3 4.55 to 4.65 | 0.83 to 1.18 
Metrostroi? (1933) (6). .| Jurassie......... Moist... 
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Measurements of Stress Inside Concrete: 


The difficulties in measuring stresses inside concrete arise from 
the inaccessibility of the point of observation and the large volume 
changes which take place during a protracted experiment as a result 
of chemical processes accompanying setting and aging, swelling and 
shrinking, together with changes in the modulus of elasticity as the 
concrete ages. 

The essential characteristic of a teletensometer for concrete is 
that it shall not distort the field of stress acting on it and accord- 
ingly it must have a longitudinal rigidity much less than the rigidity 
of the concrete. It must, however, be rigid enough to maintain the 
vibrating wire at its original pitch while concrete is being poured 
around it. Figure 5 shows an instrument satisfying these conditions. 
The body of the instrument is made of thin brass tubing, A, with a 
deep flexible neck located near wire socket, B. Two cross pieces, C, 
are fixed at the ends of the instrument to secure a good connection 
with the concrete. The wire is held by a pair of split cones, D, seated 
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Fic. 5.—Teletensometer for Concrete. 


in sockets, B, and E. The heads, E, are joined to the cross pieces by 
temperature compensating joints using the difference between the 
coefficients of thermal expansion of brass, EZ, and steel, 7, and designed 
to compensate for the difference between the expansion coefficients of 
the steel wire and the surrounding concrete. The tube is covered 
with coal tar pitch which protects it from water and keeps it from 
sticking to the concrete. It is essential to keep the tube neck free from 
all mastic. The length of the wire is 100 mm., the gage length (dis- 
tance between cross pieces) is 200 mm. which doubles the sensitivity 
of the instrument. 

In fixing the instruments in place, care must be exercised in the 
ramming process to see that they are not displaced or distorted. A 
sufficient number of instruments properly oriented must be used. 
For the measurement of a three-dimensional stress six tensometers 
must be placed at (near) each test point; three along mutually per- 
pendicular axes and three along the bisectors of the angles formed 
between the mutually perpendicular instruments. Where one of the 


in 
in 
‘he 
0 
fc 
b 
i 
€ 
‘ 
a 
— 
— 
| 
— 
— 
— 
4 
‘ > 


principal axes is known because of symmetry in the structure, four 
instruments can be used; if all three principal axes are known, three 
instruments lying along these axes are sufficient. 

It is important to distinguish between changes due to chemical 
or physical processes and those due to mechanical loading. Un- 
fortunately it is almost impossible to make an accurate distinction 
between these effects. The tensometers should preferably be used 
only after the setting of the concrete is complete. For extended 
observations the most reliable method is to have a volume of con- 
crete under the same conditions of temperature, humidity, etc., but 
isolated from the influence of mechanical stresses. Controlled tensom- 
eters are distributed in this volume of concrete and their readings 
are subtracted from those of the working instruments. 

In order to investigate the reliability of the tensometer, an 
instrument was sealed in an 18-cm. cube of concrete. Two Marten’s 
mirror extensometers with 150-cm. gage length and optical levers 
10 m. long were attached externally to the block. The average of 
35 readings taken under loads ranging from 1500 to 4000 kg. (stresses 
in the concrete from 4.6 kg. per sq. cm. to 12.3 kg. per sq. cm.) with 
the vibrating wire agreed within 0.7 per cent with the mean of the 
readings of the Marten’s extensometers. The mean deviation of 
the individual readings from the average values was 2.3 per cent. 

In 1931 at Zoragetstroi@, tensometrs were placed in two cross- 
sections in the concrete facing of a pressure tunnel 3 m. in internal 
diameter. Eight instruments were fixed in each cross-section at the 
ends of the vertical and horizontal diameters near the inner and outer 
surfaces of the facing. The test section of the tunnel was isolated by 
partitions through which the instruments leads were passed. The 
section was filled with water and the pressure was supplied and released 
twice. Thirty readings on each instrument were taken; but only 
those taken during the last reduction of pressure were consistent. 
This may be explained upon the assumption that the water gradually 
penetrated the concrete and disturbed its homogeneity. The following 
table shows a comparison of the mean value of the deformations as 
measured by the extensometers and as calculated theoretically from the 
elastic constants of concrete of this type: 


DEFORMATION 
MEASURED CALCULATED 


ay ind Tunnel section I 0.0000118 0 .0000122 
Tunnel section II 0 .0000089 0.0000091 


Individual readings of the tensometers had a mean deviation of 35 


and 25 per cent. 


cal DAVIDENKOFF ON VIBRATING WIRE METHOD 853 z 
a 
1 
4 
l 
2 
| 
| 
» 
\ 
i 
Pe 
’ 
“4 
7 
+4 
& 
, 


G WrrE METHOD 
Professor U. Neelander made measurements with 204 tensometers 
in the dam at Dneprostroi). The tensometers were distributed in 
groups of six, one vertical, one horizontal, and two at an angle of 45 deg. 
in a plane parallel to the face of the dam, one parallel to the axis of the 
dam, and one for control in a volume isolated from the stress condi- 
tions. Above each group a telethermometer was placed. This instru- 
ment, similar to the tensometer, has no thermal compensation and is 
not connected mechanically to the concrete. The telethermometer 
used at Dneprostroi could be read to0.1C. © 


Fic. 6.—Dynamometer for Measuring Earth Pressures. 
These investigations show, contrary to common belief, that large 


bodies of concrete do not shrink while setting. In small laboratory 
models where the concrete cools quickly, surface drying does bring 
about shrinkage of volume; in large bodies the surface plays a secondary 
role and temperature effects predominate. 

Temperature measurements on the dam at Dneprostroi showed 
that nine to ten hours after mixing the concrete, the rate of heating 
increased abruptly, indicating that setting had begun. After two to 
three hours the temperature continued to rise, though at a slower 
rate, reaching a maximum after one to five days (depending on the 
location of the instrument); the total rise was 17 to 20 C. Since 
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heating continues after the setting of the cement, and since it is 
impossible for structures such as dams, which are constrained laterally, 
to expand parallel to the axis of the dam, a compressive stress is set 
up. These stresses were also measured with tensometers and found to 
be very considerable; reaching 30 to 40 kg. per sq. cm. while the 
stress calculated from the hydrostatic head should have been less than 
i2 kg. per sq. cm. 

In the surface layers the rapid cooling and drying may give rise 
to tensile stresses of considerable magnitude, leading to the formation 
of cracks. 
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Measurement of Earth Pressures@): 


Figure 6 represents a dynamometer for measuring earth pressures 
consisting of a flexible diaphragm or lid clamped to a comparatively 
rigid base. The earth pressure deforming the lid shortens the vibrating 
wire strung between the center of the lid and the center of the base. 
For an accuracy of 1 per cent the maximum deflection of the diaphragm 
must be limited to 0.01 mm. 

Temperature changes affect the readings of the instruments because 
of different coefficients of linear expansion of the metals used in the 
wire and in the walls of the box, and due to changes in pressure of the 
air contained ir the hermetically sealed boxes. In order to eliminate 
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the temperature effects, a compensating device was constructed similar 
to that used in the teletensometer. The changes in air pressure are 
also compensated for. 

Forty dynamometers were buried at various depths, up to 6 m., 
in different positions, vertically and horizontally, to measure the 
earth pressure on the new sewage system installed in Leningrad in 
1928 and 1929. Figure 7 shows results of tests at two points in the 
section of the main collector on Vassielevsky Island (sandy soil, partly 
fluid). Calculated values based on the hydrostatic law are shown in 
the dashed lined and calculated values based on the usually assumed 
cubic parabola law are shown in the dotted line. 


Measurement of Modulus of Elasticity of Rock Massifs: 


In designing pressure tunnels for hydroelectric stations the prob- 


lem of the stresses in the tunnel is ond 


‘Fis. 8.—Expansometer. 


it is necessary to know the modulus of elasticity and Poisson’s ratio 
for the rock through which the tunnel is driven. Tests must be made 
in the field under natural conditions, since to attempt to make them 
in the laboratory on small specimens may eliminate effects of cleavage, 
cracks, inhomogeneities, etc. Measurements of this nature for the 
Zoragetstroi project«) were carried out in a small mine shaft (1.5 m. 
in diameter) sunk near the site of the actual tunnel in the same strata. 
Air, instead of water, was used to apply pressure. The reduced scale 
of the experiment demanded measurements with an accuracy of 1 p. 

The ‘‘expansometer”’ designed for this is shown in Fig. 8. It 
consists of two concentric steel tubes spread apart by the spring A 
and resting on points D and E against the walls of the shaft. The 
wire FG connects the tuning bridge in each tube and measures the 
displacement between the points D and E. The two tubes are kept 
exactly concentric, with no lateral play and no relative rotation, by 
suspending the inner tube on eight tangentially fixed thick strings. 
The strings are distributed in planes perpendicular to the axis of the 
tubes and attached to aluminum cross pieces fixed to the outer tube. 
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A free axial movement of +1 cm. is possible with this device. The 
instruments are protected from temperature fluctuations by enclosing 
them in layers of insulating wadding. 

The experimental shaft, 4 m. in depth and 1.5 m. in width, was 
faced with concrete 20 cm. thick and coated with tar to render it 
air-tight. It was sealed by a reinforced-concrete cover held by 16 
bolts fitted to the bottom of the shaft. Air pressures up to 3 atmos- 
pheres were applied. 

The deformations of the inner diameter, as measured by the 
instruments, varied from 30 to 50 pw, with very little scatter of the 


Fic. 9.—Instrument for Measuring Pressure Between Piston Rings and < ben: 
Cylinder Walls. 


individual results. The elastic constants for the rock strata were 
calculated according to Lamé’s formula. In applying this formula it 
is essential to know the elastic constants of the concrete used for 
facing the tunnel, to be determined by laboratory tests. 

The values obtained made it possible to redesign the reinforcement 
of the reinforced concrete facing which has resulted in great economy 
in construction. 


Special Applications: 


An instrument for measuring pressure between piston rings and 
cylinder walls is shown in Fig. 9. 3 It consists of a bored cylinder in 
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the middle section of which narrow slits are cut. The vertical slats 
thus formed bend outward (not more than 0.005 mm.) under the 
pressure of the ring. This bending is measured by means of vibrating 
wires joining the centers of the slats to a special ring mounted on 
brackets. The deflection of the slats should not be large enough to 
diminish the ring pressure appreciably. To eliminate inaccuracy due 
to cylinder boring the measurements are made n times, rotating the 


Fic. 10.—Instrument for Measuring Earth Thrusts. 


nee 
ring through an angle of il between each measurement (n = the 
number of slits). ad 

An instrument for measuring earth thrusts is shown in Fig. 10 
and consists of a cylinder made of thin brass containing a series of 
paired parallel slots. These slots divide the wall into narrow slats ae 
which bulge outward on the application of internal pressure. The _ 
cylinder is filled with earth contained in a thin rubber balloon and _ 


loaded by means of a wooden piston in a testing machine. Thebending _ 
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of the slats is measured by means of a vibrating wire extensometer 
and the instrument is calibrated by air or water pressure. An instru- 
ment of this type was tested at the Leningrad Research Institute for 
Hydrostatics and is being used at Metrostroi (Moscow) for studying 
the mechanical properties of soil. 


Dynamical Measurements: 


All the cases so far considered have dealt exclusively with ita’ 
loading where the observer has time to measure the frequency of 
vibration. However, we can apply the method in principle to the 
study of rapid processes, provided the period of oscillation of the wire 
is sufficiently short (less than one tenth) in comparison with the 
period of the process being studied. For this purpose it is only 
necessary to change the measuring scheme and employ photographic 
registration. 


E Generator IT 
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Fic. 11.—Self-Exciting Circuit. 


A method was worked out with the physicist Lazareff in 1932 and 
applied in Zoragetstroi for measuring stresses in reinforced-concrete 
frame structures supporting the turbogenerators. The method is 
based on the use of the phenomena of forced synchronization of two 
oscillating circuits. One of the circuits (Fig. 11) is the self-exciting 
circuit of the wire, built for example according to the double magnet 
scheme; this circuit provides great power. The second generating 
circuit, on the contrary, takes very little power and is weakly coupled 
to the first by means of the coils I and II. If both generators are 
oscidating close to one another, the more powerful generator I will 
force its frequency on the weaker generator II. When this happens, 
both circuits oscillate with a certain phase difference depending on the 
degree of dissonance. As a result, a variable change of potential 
occurs between the points a and b. If now a periodic change of ten- 
sion occurs in the element to which a wire has been stretched, the 
pitch of the wire will also vary periodically, which in its turn brings 
about a periodic change of dissonance (difference of frequency) in 
the circuits. can be that the of the 
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differences at a and } produced by these oscillations is directly pro- 
portional to the change of tension in the wire, provided this change is 
small. 

The potential differences are transmitted by a transformer T 
to a detecting apparatus equipped with a Siemens oscillograph (char- 
acteristic frequency 100 hertz); the oscillations of the mirror are 
recorded on a photographic plate. The apparatus is calibrated by 
varying the pitch of the wire artificially and comparing the magni- 
tude of the variation with that of the deflection of the spot of light. 
In making measurements with this method at Zoragetstroi, it was 
possible to measure tensions down to 20 g. per sq. cm. (in concrete) 
and to record a dissonance of 0.02 hertz giving a 1-mm. deviation of 
the spot of light. 

It will be clear from what has been said above that a sounding 
wire gives us a very simple, accessible and accurate means of measure- 
ment, which can be applied to an extraordinary number of problems. 


Acknowledgment.—The numerous successful constructions, de- 
scribed in the present review of measuring instruments, were carried 
out with the able assistance of the author’s talented colleagues in 
both Institutes, Engineer D. Golovacheff, Engineer- —. M. 
Yakutovich, Physicist I. Polevoi and Physicist V. Lazareff. 
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Mr. L. B. TuckEerRMAN! (by letter).—Anyone engaged in studying 
the deformations of structures under load will welcome Mr. Daviden- 
koff’s description of the many successful applications he has made of 
the acoustic strain gage, as a source of many fruitful ideas in testing 
technique. The success of work of this kind under difficult working 
conditions depends very greatly upon the skill and ingenuity of the 
experimenter in modifying his basic measuring apparatus so that it 
will be reliable under all conditions, and in devising special clamps 
and other attachments to fit it to the special structure to be studied. 

I was particularly interested in his ingenious application of 
flexure rods (Fig. 8) to the problem of securing accurate parallel 
motion without the interference of frictional resistance. Flexure 
plates and flexure rods have long been commonplace structural 
elements in seismological instruments. Although they were early 
introduced in the remarkable testing machines built by the late 
A. H. Emery they have only recently begun to come into their own 
in the field of materials and structural testing. Testing technique 
would be much improved if they were more widely used. 

The acoustic strain gage affords another illustration of an old 
idea being rediscovered when independent technical developments 
make it practical. I donot know who first used the pitch of a stretched 
wire to measure the deformation of a structure but I have in my files 
a reference to its use by Pietro Cardani? as early as 1888. Our modern 
vacuum’ tube technique of acoustic measurements was not then in 
existence so that Cardani resorted to stroboscopic determination of 
the frequency of the plucked string. Obviously the method was not 
at that time ready for extended use. 


1 Assistant Chief, Division of Mechanics and Sound, National Bureau of Standards, Washing- 
ton, D. C. 


2 Pietro Cardani, “‘ Metodo acustico per la misura di piccoli allungamenti, e determinazione dei 
moduli di elasticita,"’ Atti, Reale Accademia dei Lincei, Series 4, Vol. 5, pp. 892-899 (1889). ay . 
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ARACTERISTICS OF THE” 


The paper describes the behavior of the ee ee Tensometer as 
determined by the use of a specially designed interferometer calibrator. 

It is first shown that under any fixed condition of use the readings of the 
instrument are proportional to the motion involved, and second that this factor 
of proportionality varies markedly with different conditions of use. The 
conditions covered include variations in mounting pressure, material of the 
specimen, balance and position of the instrument, seating on the specimen, 
and friction within the instrument. An attempt is made to analyze the causes 
of these effects and to suggest means for their remedy. 

From figures obtained in calibration, the accuracy of the instrument is 
calculated and the deviations to be expected in routine use are indicated. 


INTRODUCTION 


m In the Testing Materials Laboratory of the Massachusetts Insti- 
tute of Technology a number of Huggenberger Tensometers have been 
used in strain measurement problems because of their lightness, short 
gage length, and general versatility. After considerable use, and 
perhaps abuse, the accuracy of these Tensometers came to be ques- 
tioned on the basis of wear and lack of adjustment. Calibrations 
being in order, the author, with the aid of the staff of the laboratory, 
developed the interferometer calibrator described in the appendix to 
this paper,? and as a sequel to simple calibration investigated the 
general behavior and accuracy of the Tensometer. It is hoped that 
the results of this latter investigation will give other users of these 
instruments a better understanding of their peculiarities and confidence 
in their indications. 


Method: 


By calibrating typical instruments under various conditions such 
as occur in practice the corresponding variations in the indications of 
the instrument have been segregated and their values plotted or 
tabulated. It is not intended that results quoted for a given instru- 
ment should be applied quantitatively to any other instrument, but 


1 Assistant in Materials Testing, Massachusetts Institute of peeing. Cambridge, Mass. 
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rather that the qualitative results should guide the user of another 


instrument in his manipulative arenas atl and in the interpretation of 
his results. | 


Two types of the Huggenberger Tensometer are shown in Fig. 1. 
Type A is the more sensitive, having knife edge pivots at the principal 
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ype A Type B 

Fic. 1.—Huggenberger Tensometers. 
joints and a magnification of motion in the vicinity of 1200. Most 
of the investigations described were carried out on this type since the 
variations discovered are of significance only in the more precise 
work. The important variations were checked, however, for the 
type B instrument. The principle of this instrument is the same as 
that of type A, but the construction is less delicate and the magnifica- 


tion is approximately 1000. ee ee 
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BEHAVIOR OF THE TENSOMETER 
Linear Relation of Readings: 


Owing to reports that the readings of the Tensometer 1 were not 
proportional to the motion of the tilting knife edge of the instrument, 
or in other words that the magnification was not constant throughout 
the range, experimental investigations of the linearity were made, 
and a mathematical analysis of the lever system was attempted. 

In Table I are given the results of a calibration of a typical 
instrument throughout its range. The calibrator was set to the 
a millionth of an inch at intervals of five wave lengths of mercury 
BE sis light, or 0.00010750 in., and the type A Tensometer read with 


TABLE I.—LINEAR RELATIONSHIP. 


2 Type A Huggenberger, No. 861. Calibration on cold rolled steel, 16-lb. pressure. Calibrator 
” settings at 0.00010750 in. Average of three runs. 


READING, Least SQUARES DEVIATION, 
1/120,000 rm. LINE 1/120,000 In. 


—14.7 — 14.62 —0.08 
—2.3 —1.78 —0.32 
11.1 11.04 +0.06 
24.0 23.88 +0.12 
36.8 36.71 +0.09 
49.7 49.55 +0.15 
62.3 62.38 —0.08 
75.3 75.22 +0.08 
88.1 88.05 +0.05 
101.2 100.89 +0.31 
113.72 —0.02 
126.7 126.56 +0.14 
139.3 139.39 —0.09 
152.1 152.23 —0.13 
164.9 165 .06 —0.16 


_ settings in the first two columns of the table. From these readings 
the best average straight-line relationship was calculated by the 
method of least squares, giving the figures in the third column, and 
‘the deviations of the instrument from this theoretical line determined 
_as shown in the fourth column. While these deviations show some 
i) system in their variation (indicating a curvilinear relation) their 
average magnitude is perhaps a millionth of an inch, or an entirely 
negligible quantity, so that for practical work the linear relation may 
be taken as accurate. 

A strict mathematical analysis of the linkage of the Tensometer 
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leads to expressions too complicated to solve, so that the theoretical 
deviations from linearity due to angularity of the levers can only be 
approximated. Since the pointer swings through a much larger angle 
than any other link in the system its angularity will have the greatest 
effect, and if its half scale swing be taken as 10 deg. the resulting error 
at the end of the motion from mid-scale will be approximately 4 per 
cent—arc 10 deg. — sin 10 deg. The ordinary calibration is taken 
from end to end of the scale, so that if these end points be taken as 
correct any intermediate point will deviate from the straight line 
between them by about half this error, or a matter of 0.000002 in., 


Multiplication 


10 15 20 25 30 35 


Mounting Pressure, |b. 
Fic. 2.—Effect of Mounting Pressure. Type A Tensometer (No. 179). 


which again is less than any possibility of reading the instrument 
in use. 

No attempt has been made to carry readings over more than one 
traverse of the scale by resetting the pointer, but numerous trials have 
been made without regard to the position of the pointer and a con- 
siderable range covered in this way unintentionally. Since the 
results of these trials agree very closely it would appear that the 
linear relationship holds through any reasonable number of resettings. 


Effect of Mounting Pressure: 


The multiplication of the Tensometer varies considerably with 
respect to the pressure used to mount it on the specimen, as is shown 
graphically in Fig. 2 for a type A instrument. Part of this effect is 
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866 VosE ON HUGGENBERGER TENSOMETER 


due to the depth of seating of the tilting knife edge in the specimen, 
but the greater part is due to the deflection of the pivot knife edges 
of the primary lever. Figure 3 shows these knife edges, and it will 
be seen that they overhang as cantilever beams so that on receiving 
the clamping load their deflection results in a shortening of the distance 
between them and the knife edge which seats on the specimen, with 
consequent change in the lever ratio. 

The range shown in Fig. 2 is not extreme, as mounting pressures 
of upward of 50 lb. may easily be applied with a small knurled head 


Fic. 3.—Primary Lever. Type A Tensometer. 


screw. At low pressures the instrument tends to ‘ar loose if any 
vibration of the specimen occurs, while at higher pressures the effects 
of friction and also of the hardness of the specimen (to be described 
later) are much magnified, so that a value of 16 lb. on the instrument 
has been adopted for ordinary work on metals, and 6 |b. for celluloid, 
etc. To measure this mounting pressure directly would require in 
most cases a load indicator incorporated in the mounting device, but 
a much simpler method is to measure the force required to lift the 
tilting knife edge just clear of the specimen against the spring of the 
mounting. In some cases a spring balance or appropriate weights 
may be hooked to the main leve- 
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away from the specimen; or the frame of the instrument may be 
used as a lever with the fixed knife edge as the pivet, and the force 
applied as indicated in Fig. 4. This general method is dependent on 
having a mounting device of considerable springiness, but this is a 
necessary feature of a good Huggenberger set-up, since any binding 
due to a stiff mounting will result in a variable pressure and consequent 
irregularities in the indications of the instrument. 

The magnitude of this variation indicates that attention must be 
given to it in all work, and particularly in cases where several runs or 
instruments are to be averaged so that the results may be relied upon 


Fic. 4.—Mounting Pressure Determination. 


to better than one per cent. The original calibration should be 
made at the pressure at which the instrument is ordinarily to be used, 
and at any other pressure the change in the multiplication may be 
allowed for approximately from the curve given in Fig. 2. While no 
other type A instrument has shown exactly the same relation as No. 
179, for which the curve is drawn, the general nature has been the 
same and the numerical differences of minor importance. 

For the type B instrument this variation is not so great as for 
the type A, as is shown in Table II for two particular mounting 
pressures. A more rugged construction probably accounts for this 
better behavior, but attention should nevertheless be given to mount- | 
ing, and especially to the springiness of the mounting device. oe « 
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It will be noted in Fig. 6 that the Tensometer shown is mounted 
with its fixed knife edge on the movable block of the calibrator so 
that the instrument as a whole partakes of the motion involved. The 
length and spring of the clamp, which reaches entirely around the 
calibrator, allow for this relative motion, and it has been found im- 
material whether the instrument be mounted as shown or in the 
reverse position. 


Material and Hardness of Specimen: 


Figure 5 shows the variations in the multiplication of the Ten- 
someter which were obtained by seating the tilting knife edge on 
various materials. While the Vickers! hardness of the specimen is 
used as the (logarithmic) scale against which these variations are 
plotted, it is obvious that this property of the material is not the con- 
trolling function. It was thought that the Herbert ‘‘flow hardness” 

might be more significant, but except for giving celluloid a high value 
the relation was not sufficiently improved to warrant its use. ; 
ale TABLE II.—MOUNTING PRESSURE. 
ey Type B Huggenberger, No. 358. Calibration on cold rolled steel. 


MULTIPLICATION 
MOUNTING PRESSURE, LB. RatTIo 


This effect is due to the seating of the tilting knife edge into 
the material and the formation of the effective bearing point at 
_ different locations on the resulting V. This is superimposed on the 
effect of mounting pressure and is probably of greater magnitude at 
higher pressures. 

The magnitude of this variation is not sufficient to require special 
attention in use except for such unusual materials as celluloid and 
_ very hard steel, in which cases the instrument should preferably be 
calibrated on the material in question, although an estimate of the 


_ change in multiplication might be made from Fig. 5. aa ae 
Balance of Working Paris: 
During the course of the investigations the pointer of the type A 
instrument, No. 861, was replaced by a wire slightly larger than the 
original, and it was immediately observed that the multiplication of 
the instrument changed from 1196 to 1179. 
; A consideration of the effect of an unbalance in the pointer, as 
_ was brought about by the use of the larger wire, shows that when the 


! Vickers hardness = Brinell hardness, approximately. bau, 
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Vosx ON HUGGENBERGER TENSOMETER 
instrument is upright this unbalance exerts a force on the linkage 
approximately proportional to the displacement of the pointer from 
the vertical position. Since the linkage and frame of the instrument 
must distort elastically to this force, the result will be a secondary 
motion of the pointer proportional to its primary motion. Mathemati- 
cally, this results in a multiplication ratio different from that given 
by a simple consideration of the lengths of the levers involved. 
Subsequently instrument No. 861 was equipped with a lighter 
pointer which was brought to balance by applications of sealing wax. 
This procedure resulted in a multiplication ratio of 1197 in the erect 
position, as compared with the original figure of 1196. it. te EE 
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Fic. 5.—Effect of Hardness of siete: Type A aoa (No. 861). 


wiz: be 
When an unbalanced instrument, as instrument No. 861 above, 
previous to balancing, is used with its plane horizontal the unbalance 
should have no effect, and the multiplication should be the same as 
that of the instrument with a balanced pointer. This was borne out 
for instrument No. 861, which gave a multiplication of 1199 when 
calibrated with its plane horizontal, as compared with the figure of 
1197 with a balanced pointer, and used erect. 
When inverted for use on the underside of a horizontal member 
the unbalanced instrument should show the opposite error to that in 
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~ 
the erect position; the result for instrument No. 861 when inverted 
was 1221, a close check, as may be seen from Table ITI. 

As used on a vertical specimen the axis of the instrument is hori- 
zontal but its plane and gage length are vertical. Instrument No. 861 
was not tried in this position due to difficulty in mounting on the 
calibrator, but since the effect of unbalance is approximately constant 
in this position, rather than variable as when used erect or inverted, 
the multiplication should be largely unaffected. 

As a final generalization the effect of unbalance may be stated to 
be proportional to the unbalance and to the sine of the angle which 
the axis of this unbalance makes with the horizontal plane. 

Due to a more rigid construction, the type B Tensometer shows 
less va~ :tion with position, although the pointer is not balanced in 
this ty pe. Values for one of these instruments are with 
_ those for instrument No. 861, in Table III. 
TaBLe III.—Posit1ion. 


Calibration on cold-rolled steel, 16-Ib. pressure. Type A Huggenberger, No. 861, 0.002 oz. in. 
unbalance. Type B Huggenberger, No. 358, standard condition. 


MULTIPLICATION 


Type A, Type B, 
PosITION No. 861 No. 358 


Seating of Tilting Knife Edge: 
The length of the primary lever of the Huggenberger linkage is 
_ dependent upon the depth and manner of seating of the tilting knife 
edge in the material of the specimen, as has been stated. Repeated 
working of the knife edge in this seating cuts or works the material 
until a constant bearing is obtained, and up to this point the readings 
of the instrument are unreliable, with irregularities of one to five 
per cent being observed the first time contact is made on a fresh 
surface. 
Although loading the specimen several times or tapping the knife 
edges into the surface may have the desired effect of eliminating these 
= the most satisfactory procedure consists of lifting the 
vn fixed knife edge clear of the surface and moving the entire instrument 
back and forth until the pointer has traversed beyond the desired 
_ range of motion several times. After this treatment the first reading 
has been found to vary from the average of a number of readings by 
less than one per cent in practically all cases, and when used on an 
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elastic: specimen the return to the original reading after release of load 


has been very satisfactory. oe 


Friction in the case of a type A instrument in good order is very 
small, but with a type B instrument or one in which the joints are 
dirty or out of adjustment, the friction shows as a lag in response to 
small reversals of motion and also in slight irregularities in the indi- 


Fic. 6.—Interferometer Calibrator. 


cations. If this friction is not too great its effect can generally be 
eliminated by tapping the specimen, or better by the vibration from 
a small electric motor operating in the vicinity. By this latter means 


a type B instrument may be made to indicate nearly as closely as the 
more refined type A. — 
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have been described. 


872 VOSE ON HUGGENBERGER TENSOMETER 
The accuracy of the indications of the Tensometer is dependent 

on three primary factors, namely, the original calibration, the rel‘ability 
of the instrument, and the accuracy of visual reading. Experimentally 
the two latter may be taken together and analyzed on the basis of 
figures obtained in calibration. A set of readings, taken at random 
from the many sets obtained, is given in Table IV. From these 
readings the probable error of a single reading was calculated as 0.2 
per cent and the error of the mean of six readings as 0.08 per cent, 
or 0.000003 in. and 0.000001 in., respectively. These figures are in 
keeping with the estimated accuracy of reading of the instrument as 
stated earlier in the paper, and also check with the general run of 


errors which the author has experienced in repeating various 
determinations. 


TABLE IV.—VARIATION OF 


Type A Huggenberger, No. 861. Mounted on side. Pressure 16 lb., cold-rolled steel. 


Run CALIBRATION 


Probable error of single reading................... 2.37 = 0.20% 


If it is desired to utilize fully this accuracy it is necessary to 
calibrate the instrument in question under exactly the same conditions 

as those of use, so that the variations due to mounting pressure, etc., 
may be taken care of exactly. An estimate of the variations for a 

_ particular instrument may be made from the figures and plots shown 

_ in this paper, but the results of such a procedure should not be relied 
upon to better than one per cent if the corrections are of appreciable 
magnitude. 
It can be readily seen that an instrument used without regard to 4 

the variations outlined above might have the errors due to mounting 
pressure, material, position, etc., all cumulative, giving a resultant 
error of five per cent or more. Persistently unreliable results of this 
sort under unfavorable conditions of use led to the experiments which 
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APPENDIX 


Calibrator—The interferometer used for calibrating the Tensometers is 
shown in Fig. 6. This was specially constructed for this one pupose and there- 
fore has a limited range of motion of 0.005 in. There are, however, provisions 
for changing the mounting surfaces and the position of the instrument to be 
calibrated. 

The relative motion of the two elements is guided by a pair of short plate 
knife edges located between the two horizontal plates of the instrument. This 
forms a parallelogram giving a parallel, though not perfectly rectilinear, motion 
which is transmitted to the vertical plates on which is mounted the instrument 
to be calibrated. 

To measure the motion these vertical plates carry a pair of optical flats on 
which interference bands may be observed and counted when illuminated with 
monochromatic light. For this the green line of the mercury arc (5461A) as 
filtered by Wratten No. 62 is used and gives a scale of accepted accuracy reading 
directly to one-half the wave length of the light, or to 0.000010750 in., and by 
estimation to one tenth this figure, or the “‘ millionth” of an inch. 

The motion is produced by a pair of thin plates laid together to form a 
beam, which may be bent by the screw visible at the back of the instrument. 
The relative longitudinal motion between the two plates of the beam resulting 
from this bending is utilized to move the element: the calibrator. The 
proportions of the beam are such that the reduction of the motion of the screw 
is approximately one hundred to one, giving an extremely fine control without 
slack or friction, and the ability to set to the nearest ‘“‘millionth” which can 
be estimated opticaliy. 

Possibility of error in the calibrator arises from lack of parallelism in the 
motion of the moving block, resulting in different distances being traversed 
by different points on the block. This has been checked by the interference 
flats themselves, which are particularly adapted to determining parallelism, 
and found to be of negligible magnitude although detectable over a long range. 

1L. B, Tuckerman, “Optical Strain Gages and Extensometers,"’ Proceedings, Am. Soc. Testing 
Mats., Vol. 23, Part II, p. 602 (1923). 
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‘ Be ‘ Professor of Civil Engineering, New York University, New York City. 


Mr. F. M. HowE Lt! (presented in written form).—In the Alumi- 
num Research Laboratories we have several tensometers which we 
have found quite satisfactory for measuring strains under laboratory 
test conditions. Our calibrations have been made using an ex- 
tensometer calibrating device described before this Society in 1928. 
This calibrating device can be read to the nearest 0.000001 in. and 
provides a ready means of calibrating the instruments on vertical 
gage lines. For horizontal gage lines a micrometer screw device pro- 
vides a less sensitive means of calibration. 

Our observations on the effects of mounting pressure are in line 
with Mr. Vose’s findings. We have not attempted to measure the 
effects quantitatively but the tests we have made show variations 
about as great as Mr. Vose has found. 

One point of great importance in the use of these instruments is 
the necessity for rather frequent calibrations. The knife-edges on 
the primary lever which Mr. Vose shows in his Fig. 3 have a tendency 
to become worn, and occasionally chipped, so that there is a change 
in the lever ratio as well as in the amount of friction. Some indica- 
tion of the magnitude of the effects of wear is given in a paper pre- 
sented before this Society.* 

Mr. C. T. Schwarze‘ (presented in written form).—Mr. Vose has 
been careful to make all points of the test procedure very clear. There 
seems to be, however, a slight lack of clarity in explaining the location 
of the beam of thin plates by means of which motion is imparted to 
one part of the interferometer calibrator. The idea of attaining 
micromotion by utilizing relative motion between plates under flexure 
is excellent and it would be of further interest to have this detail 
explained. 

Mr. W. B. KLEMPERER® (presented in written form).—Mr. Vose, 
in his paper, refers to mounting pressure. We have found that in 
our work on light-gage aluminum-alloy structures this pressure has 
another infiuence besides the bending of the cantilever knife edges 


1 Engineer of Tests, Research Laboratories, Aluminum Company of America, New Kensington, Pa. 

?R. L. Templin, “‘The Calibration of Extensometers,” Proceedings, Am. Soc. Testing Mats., 
Vol. 28, Part II, p. 714 (1928). 

*R. L. Templin, ‘Some Factors Affecting Strain Measurements in Tests of aaa see p. 182. 


5 Manager of Research, Goodyear-Zeppelin Corp., Akron, Ohio. 
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as pointed out by Mr. Vose, namely, the bending imparted to the 
specimen by the standard type of mounting bracket. 

The standard single Huggenberger mounting bracket applies the 
mounting pressure to the back of the specimen at one point in the 
middle of the gage length. This pressure will cause local bending of 
the specimen and noticeable errors in the strain readings in the low 
tension stages of a test. We have overcome this difficulty by fitting 
the brackets with small back bridges of a length equal to the gage 
length of the tension-meter so that no bending is introduced in the 
specimen by the clamps. 

Mr. L. B. TucKERMAN! (presented in written form).—Too few 
detailed studies of the performance of strain-measuring instruments 
have been published, and Mr. Vose’s paper is a welcome addition. 
In reading it I realized that in our use of strain gages we have paid 
too little attention to the details of their attachment. It so happens 
that for other reasons we have always used low clamping forces, 
fortunately well below the pressures which Mr. Vose found gave 
significant variations in calibration. 

I did not, however, feel so easy in my mind about some work we 
have been doing with my optical strain gage. This was because 
even our lightest weight (0.057-lb.) gage required clamping forces on 
the lozenge of over 5 lb. to hold it securely in place on a propeller 
blade vibrating at a frequency of over 130 cycles per second. We have, 
therefore, made a study of the effect of clamping pressure on the 
calibration of this gage. With this gage clamping forces of over 
11 lb. on the lozenge changed the calibration by less than 0.6 per cent 
or. such different materials as duralumin and heat-treated chromium- 
molybdenum steel. These differences are negligible in comparison 
with other errors in our propeller investigation, and we would never 
use such heavy forces in a static test. The smaller change with these 
optical gages should probably be ascribed to the greater stiffness of 
the lozenge and the blunter angle at its edge. 

I am grateful to Mr. Vose for calling attention to this source of 
error. It would be very useful if the results of similar investigations of 
other types of strain-measuring instruments were available for study. 

Mr. H. F. Moore.*—I should like to make one comment upon 
the necessity of calibration of extensometers in general. In deter- 
mining yield strength, or other indicator of elastic strength, it is not 
at all necessary that the extensometer should read correctly, but it is 
necessary that the reading of the extensometer should be proportional 


1 Assistant Chief, Division of Mechanics and Sound, National Bureau of Standards, Washing- 


2 Professor of Engineering Materials, University of Tilinois, Urbana, Ill. 


: 
| 
D N ON HUGGENBERGER 
a ar 
e 
y 
2 
q 
n - 
y 
e 
Ss 
e 
n 
: 
O a? 
1 
n 
Ss 
OL 


to the actual deformation. This is true because in determining yield 

strength or other index of elastic strength the only object is to deter- 
mine a stress at which the stress-strain graph deviates slightly from 
its original path. 

However, if an extensometer is used to determine modulus of 
elasticity, modulus of elasticity in shear (modulus of rigidity), Poisson’s 
ratio, or the actual strains in a structural member, it is vitally impor- 
tant that the extensometer be calibrated. 

As a matter of fact, extensometers are rarely calibrated and Mr. 
Vose has put us in his debt for describing a very ingenious and delicate 
method for the calibration. The extensometer calibrator depending 
on a differential thread screw micrometer, described by Mr. R 


Leaves 
= 
Fic. 1.—“Shear Leaf” Mechanism. 
rie -Templin before this Society has been referred to, and I would call 
attention also to a calibration device using Johansson blocks which 


: ven is in use in the Materials Testing Laboratory of the University of 
 Tilinois. 

Mr. R. W. VoseE! (author's closure by letter) —The discussers 
have brought out a number of interesting points concerning the use 
of the tensometer in specific cases, and the author feels that these 
points should prove of valuable guidance to other experimenters 
using the instrument. The remarks of those who have had previous 
experience in the calibration of this type of strain gage indicate a 
general agreement with results presented in the paper and form a 
gratifying corroboration of the work done at the Massachusetts 
Institute of Technology. 

Professor Schwarze’s question regarding the mechanism which 
_ produces the motion for calibration is best answered by the accom- 
-panying, somewhat schematic drawing, Fig. 1, which is self- 
explanatory. 


1 Assistant in Materials Testing, Massachusetts Institute of Technology, Cambridge, Mass. 
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ACCEPTANCE-REJECTION REQUIREMENTS IN 


3 By H. F. Do G 1 a > 


Specifications for quality of materials and finished products impose require- 
ments for individual quality characteristics to distinguish between what may 
be considered satisfactory for a given purpose and what may not. For many 
characteristics, 100 per cent inspection or testing is not feasible, hence reliance 
must be placed on sampling a part of the whole. Under these conditions, 
100 per cent conformance with requirements cannot be achieved with certainty 
and errors arising from sampling fluctuations cannot be avoided. 

The sampling clauses included in specifications often provide criteria for 
the acceptance or rejection of lots of a product. These clauses constitute 
interpretations of the intent of the basic quality requirements and serve as a 
basis for action. With sampling, certain risks are assumed by both the con- 
sumer and the producer. One kind of risk is discussed, and the relationship 
between (1) the distribution of the risk between producer and consumer. 
and (2) the choice of acceptance criteria and sample size, is indicated for certain 
conditions. 

This paper discusses briefly the significance of two simple criteria 
of acceptance and rejection that are sometimes incorporated in 
specifications, in connection with requirements imposed on individual 
quality characteristics of a product or material. The discussion 
relates particularly to characteristics such as tensile strength and 
weight of coating, where specifications state minimum or maximum 
requirements that apply to a single unit or test specimen, and where 
it is feasible to test but a small portion of the whole that may be 
offered to a consumer for his acceptance. 


Specification Requirements: 


Any practical discussion of quality and its measurement must 
deal. with variability. Physical and chemical properties of a material 
vary from spot to spot. The quality of a finished product varies 
from unit to unit. The quality of any mass of product in respect to 
any characteristic, such as tensile strength of steel wire strand, weight 
of galvanized coating of iron sheets, etc., is fundamentally a frequency 
distribution—not a single fixed value. Examples are indicated in 
Fig. 1, where the heights of the ordinates represent proportional fre- 


t Member of Technical Staff, Bell Telephone Laboratories, Inc., New York City. 
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5 units or test specimens. 

Specifications provide requirements for individual quality char- 
acteristics to distinguish between what may be considered satisfactory 
for a given service and what may not. If the specifications require 
that the diameter of each bolt of a given type shall be within stated 
maximum and minimum limits, the requirement can be enforced by 
_ measuring or gaging each bolt and sorting out those that are non- 
conforming in diameter. But for a characteristic, such as breaking 
strength, it is not feasible practically to determine the conformance 


Galvenized Hardware- Uniformit Stee! Wire Strand- 
y 
of Coating (Preece Test) Tensile Strength 
2 X=1/10 
10 15 6000 7000 800 
of] Immersions to Failure Tensile Strength,Ib. 
3 Rubber Gloves for Electrical Workers 


ivy 
15 000 20000 25000 30000 35000 


Voltage at Rupture 
‘Fac. 1.—Typical Frequency Distributions for Individual Quality Characteristics. 


au mae of each bolt with a specified limit of say 12,000 lb. minimum, because 
of the damaging nature of the test. This situation exists quiie 
generally in testing physical properties of materials wherever quality 
can be determined only by destructive tests on specified test speci- 
mens. Even for material testing that is non-destructive, there may 
be no natural discrete pieces which can be separately tested for 
= ieee Under these conditions, there is no alternative to 


1 Ordinarily, the elastic limit is exceeded and the test bolt is permanently deformed even though 

the applied stress is no greater than the minimum specified. 

2 For such characteristics, a high degree of assurance that the quality desired is attained, can be 
ss secured through a program of “quality control” in manufacture. See W. A. Shewhart, “Economic 
Control of Quality of Manufactured Product,” Chapter XXV, D. Van Nostrand Co., Inc., New York 
City (1931). See also John Gaillard, “‘Industrial Standardization Especially in the Mechanical 
Field,” pp. 63-66, September, 1933 (printed for private circulation). Wiener 
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testing a relatively small sample of the whole, and the quality of all 
the parts making up the whole cannot be ascertained. Instead of 
attempting to classify pieces as conforming or non-conforming, we 
have the more difficult task of classifying lots or quantities of product 
as conforming or non-conforming, centering our attention on the 
distribution of quality for families of pieces or for batches of material. 

First of all, there is needed a decision as to what distributions of 
quality are to be considered satisfactory and what are to be con- 
sidered unsatisfactory. What is the intent of a requirement that 
specifies merely a minimum limit for tensile strength? Does this 
mean that, in any accepted lot, no individual piece or no possible 
test specimen shall have an actual tensile strength value that fails to 
meet the minimum limit! by the smallest of margins? Even though 
it does, this cannot be enforced. 

Does it mean that a small percentage may be allowed to fall 
below the limit specified? If so, what percentage may be allowed in 
an individual lot? Further, with what degree of assurance should 
lots having a percentage larger than this allowable value be prevented 
from passing? ‘These are some of the questions that should be con- 
sidered by a specification committee. 

The specification of maximum and minimum limits may, in 
some cases, be taken to imply that the desired or aimed-at percentage 
is zero. However, when sampling is practiced, errors of sampling 
are unavoidable. For this reason, the allowable percentage may be 
determined, to a large extent, by the number of sample tests that are 
made and the particular acceptance criterion adopted, as will be 
brought out in the discussion. 

Sampling clauses, agreeable both to producer and consumer, are 
often included in specifications to provide definite criteria for the 
acceptance or rejection of quantities or lots of product. These clauses 
constitute practical interpretations of the intent of the basic quality 
requirements that are specified and may, in effect, become replace- 
ments of the latter so far as action is concerned. When sufficiently 
complete to provide a detailed basis of procedure, they prescribe 
what rational subgroups of product should be considered as lots for 
testing purposes, the steps to be taken to secure a representative 
sample, the number of tests to be made, and the requirements to be 
met by the numerical results obtained in those tests. The number 
of tests and the requirements to be met by the sample data are 
particularly important items, for they regulate the risks of accepting 


1 Such limits are sometimes specified so as to allow a wide margin of safety below the extreme limit 
of variation expected for good commercial product, others may provide practically no margin at all; 
they do not, in general, give a clue as to what distribution of quality is desired. 
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any unsatisfactory material that may be offered or of rejecting any 
satisfactory material that may be offered. 

On the statistical side, the problem involves a consideration of 


In consumer sampling of delivered lots, the aim is to obtain a 
; _ reasonable degree of assurance that the distribution of quality, in 
respect to each characteristic, is satisfactory for the service for which 
:  - product is intended. The physical sample comprises some n units 
F (or test specimens) of the whole. One measurement on each of the 
m units gives m observed values (observations) of the variable char- 
acteristic, X; the set of » observations is spoken of as a sample. 
The m observations are considered as a composite group rather than 
as so many individuals, and constitute an observed frequency dis- 
tribution. We may determine their arithmetic mean, X (hereinafter 
referred to as the “‘average’’), their standard deviation, o, the fraction, 
p, of the observed values that fall above or beiow any given value of 
‘XX, or any other of the functions' of a frequency distribution that 
: eae are useful for condensing the available quantitative information. 
_ However, we may expect the values of X, o, and p for the sample to 
differ from the “true” values of X’, o’, and ?’ for the distribution of 
the product sampled.? Barring “constant” errors, either instru- 
_mental or personal, the differences between the results obtained by 
testing samples of the whole and by testing the whole may be regarded 
as the “‘errors”’ arising from fluctuations of sampling.* These fluctua- 
tions represent an element of uncertainty in sampling and, under 
certain conditions approximated in practice, their magnitude is in- 
versely proportional to the sample size.‘ The sample size chosen 
1See Manual on Presentation of Data, sponsored by Committee E-1 on Methods of Testing, Sec- 

tions 16-23, Proceedings, Am. Soc. Testing Mats., Vol. 33, Part I, pp. 464-469 (1933). 
2 The prime notation, X’, o’, p’, etc., is used to designate the “true” or objective values for the 


universe sampled, and the unprimed notation, X, ¢, ?, etc., is used to designate observed values for 
samples. 

4 It should be noted that the variability of a group of observed values of any variable characteristic 
is actually made up of two parts—variability of the material itself, and the errors of measurement. 
By “errors of measurement” is meant the variability observed in taking repeat observations on the 
same thing. For purposes of clarity, consideration will not be given here to “‘errors of measurement.” 
It will be assumed either that these errors are small compared with the variability of the material it- 
self or that the specified requirements apply to observed values for specified tests on specified test 
specimens. 

‘If random samples of » observations each are drawn from a known universe having a distribution 
characterized by X’, o’, and »’, the values of X, o, and » for the samples will have objective distri- 
butions of their own, whose standard deviations will be, respectively, 


oz =——, = 

These are used as standard units of measure of the errors of X, o, and ? arising from fluctuations 
of sampling. Although these equations relate to sampling from an unlimited universe, they may be 
: used as satisfactory approximations in the sampling of limited quantities or lots of product, provided 
the sample comprises but a small percentage, say not more than 10 per cent, of the units or of the 
possible test specimens in the lot. This condition is quite generally met in the testing of materials, 

and is assumed throughout the paper. 
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ON REJECTION REQUIREMENTS 881 
and fluctuations of sampling to be expected are, therefore, factors of 
importance in testing work where interest centers on the distribution 
of quality for the product sampled. 

Any of the measures, X, ¢, p, etc., or any comb nation of them 
may be employed for summing up the essential information contained 
in the sample data, though some are better suited for this purpose 
than others.’ Which should be chosen for use in a criterion that is 
to serve as a basis for discriminating between lots that should be 
accepted and those that should not?? Here is a choice that must be 
made every time this problem arises. Should the average, X, of 
the sample be chosen? Should the fraction defective,’ #, be chosen? 
Or should some combination of two measures be used? Before 
entering into a discussion of the factors to be considered in making 
a choice, it is desired to indicate the significance of two simple criteria 
that are often chosen, one involving X alone and the other / alone. 
In the discussion of them, it will be presumed that the only quantita- 

tive information available for making a decision as to the acceptability 
of a lot is that contained in a sample drawn irom the lot. 


Use of the Average, X, Alone, in a Criterion of Acceptance: 

First, let us consider the criterion: * 

Accept the lot if the average, X, for a sample of n observe: 

tions is not less than (or not greater than) some stated value, 

Suppose, for purposes of illustration, that for the quality characteristic, 
weight of galvanized coating for a particular size of steel strand, a 
specification committee were to adopt a sampling clause that required 
tests on five (m = 5) 24-in. lengths of wire selected in a specified 
manner from the lot, and required the average of these five tests to 
be not less than X, = 0.980 oz. per sq. ft. Say that a lot is to be 
accepted if the average of the sample is equal to or greater than this 
minimum value of 0.980 and is to be rejected or considered non- 
conforming if the average is below this value. 

To investigate the protection afforded by this sampling require- 
ment requires an analysis of the expected fluctuations of averages of 


1 Manual on Presentation of Data, sponsored by Committee E-1 on Meth<.is of Testing, Sections 
27-39, Proceedings, Am. Soc. Testing Mats., Vol. 33, Part I, pp. 471-482 (1933). 

2It should be noted that consideration is given here merely to criteria to be applied to the nu- 
merical information obtained for one quality characteristic. Meeting these criteria may be thought 
to be a necessary condition but not a sufficient condition of acceptance. Qualitative information of 
an unfavorable character may, of course, provide grounds for rejection, quite aside from the findings 
from the quantitative data. Or again, inconsistency of the data with the quantitative information for 
other quality characteristics may provide such grounds. 

2 The term fraction defective, ~, in respect to any characteristic, signifies the fraction (of the 
total number of observations) falling outside the limits specified for that characteristic of a unit or 
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samples of five each, when sampling from product 
_ having various values of average, X’, and of standard deviation, a’. 
_ For any given values of X’ and o’, the averages for some definite 
proportion of the samples will be expected to fall above X; = 0.980. 


, Weight of Coating , oz. per sq. ft. 
Fic. 2.—Distributions of Average, X, for Three Universe Values of X’. (Samples 


of n = 5.) 
0.99 
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Fic. 3.—Cumulative Distributions of Average, X, for Conditions of Fig. 2. (Samples 
: of m = 5.) 


This proportion may be thought of as the chance or probability of 
- accepting product having quality defined by the given values of X’ 
and a’. 

We shall determine what these chances are for products having 
various values of X’, assuming, for purposes of illustration,' a single 
__-value of standard deviation, ¢’ = 0.080. Figure 2 gives the distribu- 


1In practice, o’ would depend on the manufacturing process, and for a given process would prob 


ably vary somewhat with the average, X’, attained. 
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tion curves of sample averages for three levels of X’, and Fig. 3 
shows what proportion of the averages may be expected! to fall above 
any given value of X. From this, it is seen that, under the conditions 
assumed (o’ = 0.080 and m = 5), for a product having a true average 
(X’) of 1.064 oz. per sq. ft., 99 out of 100 samples will be expected to 
meet the acceptance requirement; while for a product having an 
average of X’ = 0.980, half of the samples, and for a level of X’ = 
0.934, only 1 out of 10, will be expected to conform. If the producer 
wishes to have a risk of rejection of less than 1 in 100, he would be 
forced to maintain consistently an average weight of coating of 
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Fic. 4.—Expected Proportion of Samples That Will Meet the Acceptance Limit, 
“Average = 0.980, min.,” for Samples of m = 5, 10, and 25. (Standard devia- 
tion of universe assumed equal to a’ = 0.080, throughout.) 


& 


1.064 oz. per sq. ft. or higher. For a quality level lower than 1.064, 
his material would often be accepted, but as his average quality fell 
lower and lower, the chance of acceptance would steadily decrease. 
The choice of a particular sample size and a particular test limit 
(0.980 oz. per sq. ft. in this case) has thus determined two levels, 
one that will, in effect, be considered as a satisfactory level (one for 
which the producer’s risk of rejection is very small) and another that 


1 The distribution function for averages of samples may, for most practical purposes, be considered 
normal even though the distribution function of the universe sampled is not normal. 

The numerical examples given assume that the universe sampled is homogeneous. A discussion 
of sampling from a heterogeneous universe, where samples are selected in such a way that each rational 
sub-portion of the universe is proportionately represented, is given by E. S. Pearson in ‘Sampling 
Problems in Industry,"’ a paper read before the Industrial and Agricultural Research Section of the 


Royal Statistical Society, March 8, 1934. eek 
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will, in effect, be considered as a definitely unsatisfactory level by the 
consumer (one for which the consumer’s risk of acceptance is small).! 
The results of setting this sampling requirement are seen somewhat 
more clearly in Fig. 4 (curve for sample size, m = 5). If the producer 
were to regulate his level by a risk of rejection of, say 1 in 100, and the 
consumer were to appraise the scheme by the level at which his risk 
of acceptance is, say 1 in 10, the two significant levels would be 1.064 
and 0.934. The narrowness of the spread between such levels, 
referred to by E. S. Pearson* as the producer’s and consumer’s “safety 
levels,’”’ can be taken as a measure of the efficacy of the sampling plan 
in discriminating between desirable and undesirable quality. This 
spread, indicated by the horizontal distance between the lines a and } 
in Fig. 4, can be reduced by increasing the sample size, as shown 
for samples of m = 10 and m = 25. From this, it is apparent that the 
safety levels of the producer and the consumer, in respect to average 
quality are, in large measure, determined by the values specified for 
(1) the acceptance limit for the sample average, and (2) the sample 
size. The use of the average, X, alone in a criterion of acceptance 
presumes that the essential measure of the distribution of quality is 
its average,‘ and that the variability or dispersion of individual 
observations around the average is of relatively minor importance. 


Use of Fraction Defective, p, Alone, in a Criterion of Acceptance: 
Next, let us consider the criterion: 


sample of » observations falls outside the (maximum and/or 
minimum) limits specified for a single unit or test specimen | 
(that is, if the observed fraction defective, p, = 0). 


For convenience, let us say that any measured value that falls 
outside the limits specified, indicates a ‘‘defect.”” The criterion may 
then be expressed more simply as: 


Accept the lot if no defects are observed in the sample. 


1 For the significance of the term “‘consumer’s risk” as here used, see H. F. Dodge and H. G. 
Romig, “A Method of Sampling Inspection,"’ Bell System Technical Journal, October, 1929, p. 613. 
As applied to the case where acceptance is based on the results of sampling, the term “ producer’s 
risk"’ signifies the probability of failure to accept product of uniform quality resulting from the process 
in use by the producer. 

2 E. S. Pearson, “Statistical Method in the Control and Standardization of the Quality of Manu- 
factured Products,” Journal, Royal Statistical Soc., Volume XCVI, Part I (1933). 

+ The value of o’, standard deviation of universe sampled is also a contributing factor; the pro- 
ducer having a high uniformity of quality (lower a’) can safely operate at a lower level of average 
quality than one whose product shows wide variability. 

* Methods of determining sample size when the average is of first importance are given by C. H. 
Humes, R. F. Passano, and Anson Hayes, “A Study of the Error of Averages and Its Application to 
Corrosion Tests,"” Proceedings, Am. Soc. Testing Mats., Vol. 30, Part II, p. 448 (1930); and by R. W. 
Crum, “The Number of Specimens or Tests Required for Reasonable Accuracy of the Average,” 
A.S.T.M. Report on Significance of Tests of Co crete and Concrete Materials (separate volume). 
These methods are based on assumed values of X’ and a’. 
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It is desired to examine the significance of this criterion, particu- 
larly from the standpoint of determining how the sample size affects 
the risks of acceptance and rejection for product of different levels of 
quality (where quality is expressed simply by the fraction defective, /). 
Figure 5 indicates the proportion of samples' that may be expected 
to meet the acceptance requirement ‘“‘no defects in sample,” in 
random sampling of lots for various levels of quality (p’) and for sample 
sizes from » = 3 to m = 50. For a sample as small as m = 5, the 
producer, to be sure, would have to hold his quality level to 0.2 per cent 
defective or less if he were to hold his risk of rejection down to 1 in 
100 or less. But the consumer would run a 6 in 10 risk of accepting 
any 10-per-cent defective lot that is submitted to him and a 1 in 10 
risk of accepting a 38-per-cent defective lot. This results from the 
fact that the error of sampling of p is large (relative to p’) for small 
values of m, and is very large indeed when ’ is also small. The 
spread between the ‘‘safety” levels (levels of »’) of the producer 
and consumer can be reduced by increasing the sample size, as was 
true in the case cited above where the average, X, was used in the 
criterion. For example, if it were desired to have a consumer’s risk 
of 5 in 10 of accepting a 5-per-cent defective lot, Fig. 5 indicates 
that a sample size of n = 14 would be required, and for a risk of 1 in 10 
for a 5-per-cent defective lot, a sample size of about m = 45 would be 
required for the criterion “accept lot if no defects are observed in 
the sample.’’ It would appear, therefore, that if the consumer wishes 
to be protected against accepting lots containing a relatively small 
fraction of defectives, a fairly large sample size is needed when this 
criterion alone is used. Unless other safeguards are provided, the 
specification of this criterion and of a small sample may, from one 
point of view, be regarded as the equivalent of allowing a rather high 
tolerance for defects in individual lots. 


1 The distribution of fraction defective, p, (or of the number of defectives, pn) for random samples 


of size drawn from a universe having a “‘true” fraction defective, p’, is given by the terms of the 
Point Binomial: 


[a — 
For example, the probability of occurrence of 0 defects, or of any number, m, of defects, is given by 
Po = (1 — 
= = a-™ 
Pm | n —m | 


See any elementary text on statistical methods, such as G. U. Yule, “An Introduction to the 
Theory of Statistics," Charles Griffin and Co., Ltd., London (1932). Under certain conditions, 
particularly when ?’ is small, say less than 0.10, the Poisson Exponential may be used as a satisfactory 
approximation to the Point Binomial. Curves, convenient for practical use where this approximation 
applies, are given by G. A. Campbell, “Probability Curves Showing Poisson's Exponential Summa- 
tion,"’ Bell System Technical Journal, January, 1923, p. 95, and Frances Thorndike, “Applications of 
Poisson's Probability Summation,” Bell System Technical Journal, October, 1926, p. 604. 

These equations anc curves apply as approximations in sampling of finite lots, provided the 
sample comprises but a small percentage of the lot. See footnote 4, page 380. 
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Figure 6 gives corresponding information as to the magnitude of 
the above mentioned kind of risks, when the criterion chosen is 
“accept lot if not more than one defect is observed in the sample.”’ 

98 
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Fic. 5.—Expected Proportion of Samples That Will Meet the Acceptance Limit, 
“No Defects in Sample.” 
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Fic. 6.—Expected Proportion of Samples That Will Meet the Acceptance Limit, 
More Than One Defect in Sample.” 


It will be noted that for this criterion, the consumer’s risk of accepting 


moderately defective material is extremely high w when small samples 
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The use of fraction defective, p, alone in a criterion of acceptance 
presumes that the essential information contained in a set of m observa- 
tions can be adequately summarized by merely noting whether any 
of the individual values falls above or below the specified limit. The 
proportion of product falling below a minimum limit is frequently a 
feature of particular interest both to producer and consumer, and the 
simplicity of this measure is often considered a sufficient justification 
for its use, at least as one of the measures for determining the satis- 
factoriness of quality. But, generally speaking, the use of / alone is 
inefficient since it ignores the manner in which the individual observa- 
tions are distributed along the scale of measurement. Considering 
the cost of getting data, it would appear desirable that, whenever p 
is to be used in an acceptance criterion for a variable characteristic, 
the specification writing committee determine whether some addi- 
tional measure of quality could advantageously be incorporated in the 
acceptance requirement. Where this is done, more efficient use of 
the sample data is assured. 


Discussion of Choice of X, a, p, etc., for Use in a Criterion of Acceptance: 


In making a choice of the one or more measures to be used in an 
acceptance criterion, a committee responsible for writing specifica- 


tions should consider such questions as: Which of these measures will 


_ be most efficient for distinguishing between satisfactory and unsatis- 
_ factory lots? Which are best able to detect those kinds of unsatis- 
_ factoriness that are most likely to occur? As has been pointed out 


4 elsewhere,' if knowledge of the production process indicates that the 


prevalent cause of trouble is likely to’ be a bodily shifting of the 
_ distribution of quality up and down on the scale of measurement, 


_ without appreciable change in the spread of the distribution, the 


average, X, would probably be a more sensitive detector of such 


instances of unsatisfactory quality than either p or o. If, on the other 
hand, the most likely cause of trouble is one which will cause a change 
in the spread of the distribution without appreciable change in the 
average, the use of X¥ alone would be relatively inefficient in detecting 
unsatisfactory lots arising from this source. 

In choosing the one or more measures of a frequency distribution 
to be used in an acceptance criterion, it would appear essential that a 
committee take into consideration the magnitude of the sampling 
fluctuations to be expected, together with the available pertinent 
information as to the cause and magnitude of normal and abnormal 
variations in the quality of the product to be sampled. The use of a 
single measure of quality, such as the average, X, or the fraction 
1 W. A. Shewhart, op. cit., Chapter XIX. 
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defective, », may, in some cases, provide all the protection that is 
needed. However, certain combination measures, such as the 
average and the standard deviation, the average and the “‘range,’’! the 
average and the fraction defective, the fraction defective and the 
fraction falling above (or below) some arbitrary limit, etc., may, in 
general, be expected to provide a sharper discrimination between 
desirable and undesirable levels of quality than any single measure.” 
Often for a given set of conditions, the size of sample needed for a 
given protection may be several times as large for one choice as for 
another.’ 

Use of Prior Information: 

In the foregoing, our discussion of the problem of setting accept- 
ance criteria was carried on with the point of view that the total 
information available for judging acceptability is contained in the 
data obtained from a sample of the lot. It is desired to discuss briefly 
the part played by prior information in consumer testing. 

A consumer’s or a purchaser’s decision to accept a quantity of 
product should fundamentally be founded on his belief that “the 
quality of this lot or shipment conforms with the intent of the specified 
requirements.”’ Such a judgment cannot be certain, but the degree 
of belief that it is rational to entertain in the judgment rests on the 
character and quantity of the pertinent information that is available 
to him. As has been pointed out in a previous paper,’ the sample 
size needed in any particular instance may be dependent on the 
past quality history of a product. For example, if the lot under 
consideration is one of a series which in the past has exhibited “‘statisti- 
cal control”’ at a satisfactory level, and if there is evidence that the 
conditions of production for the lot were essentially the same as for 
preceding lots, but little additional quantitative information may be 
needed to provide the consumer with a high degree of rational belief 
that current quality is satisfactory.‘ All that he may require of a 
sample is a sufficient amount of data to test the hypothesis that 
control has been maintained. A relatively small sample is usually 
sufficient for this purpose. On the other hand, if no prior information 

1A useful “average-range” criterion is discussed briefly by H. F. Dodge, “Statistical Control in 
Sampling Inspection,” presented at a Round-Table Discussion on Acquisition of Good Data, held at 
the 1932 annual meeting of the Society; published in American Machinist, October 26 and November 
9, 1932; also available in separate reprint form. 

8 The coefficient of variation (ratio of standard deviation to average), as well as the measure, 
(X —X,)/X (where X, = average of the lower two-thirds of the observations) are discussed by 
E. S. Pearson in connection with the problem of sampling concrete. Op. cit., footnote 2, page 8. 

3 See H. F. Dodge, op. cit., (footnote 1) for a comparison of X and # for one set of conditions. 
* Evidence of “statistical control" over a past period provides a rational basis for the prediction, 


prior to taking a sample, that a subsequent lot, produced under the same essential conditions, wil! 
be comparable in quality with its predecessors. 
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is available, or if prior information indicates unstable or doubtful 
quality, grounds for such a belief may be lacking and the sample 
from the lot should be large enough to provide quantitative informa- 
tion which can be considered adequate in itself, by both the producer 
and the consumer, for estimating the lot’s quality and for making a 
decision as to its satisfactoriness. A somewhat larger sample is 
usually needed for this purpose. 

From these considerations, the question is raised: Would there 
be an advantage in incorporating in some specifications a double 
sampling procedure which prescribes two sizes of samples with the 
following aims: (1) an initial or “control test” sample, relatively 
small in size, sufficient for carrying out a test for continued control, 
and (2) a “‘referee” sample, larger in size, adequate to provide data 
on the basis of which positive action can be taken as to acceptance or 
rejection? 

If such a sampling clause were written, it would appear that 
Shewhart’s Criterion I for “quality control,”' or some equivalent, 

would be suited for use as an acceptance criterion for the initial 
- sample, and that failure to meet this criterion could be used as a 
__ basis for testing an additional sample of such size that the two samples 
combined would be equal to the “referee” sample prescribed. It 
would also appear that the criterion of acceptance for the referee 
sample could be based on a consideration of risks incurred by the 
producer and the consumer, one kind of which has been discussed in 
the preceding sections of this paper. With such a plan, statistical 
control at a satisfactory level should perhaps be considered as a 
necessary condition, but not as a sufficient condition to test only the 
smaller initial sample prescribed. By agreement, the consumer 
should be free at any time to test the larger sample, shovid h have 
information of a character that in his opinion justified this step. 
While it is hazardous to offer a general rule as to the relative magnitude 
_ of the two sample sizes in such a plan, it is suggested tentatively that 
“referee”? sample should be at least three or four times as large as a 
‘control test”’ sample. 
Statistical control of quality in the manufacturing plant has 
definite economic advantages from the standpoints of both the pro- 
_ ducer and the consumer, and may be an important factor in determin- 
ing how much consumer testing is needed in any particular instance. 
It is possible that some of these advantages could be gained by + agen 
use of the principles of quality control in oe writing, i 
some such way as indicated above. 
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1W. A. Shewhart, op. cit., pp. 301-318. 
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Whatever sampling procedure is adopted in a specification, it is 
important to set forth clearly its aim, and to indicate clearly what 
agreed-upon action is to be taken when the sampling requirements 
are not met. 


SUMMARY 


The selection of a criterion of acceptance or rejection of product 
requires on the part of a specification-writing committee, among 
other things, a choice of the quality characteristics for which tests 
shall be made, a choice of the measure of quality to be used in judging 
satisfactoriness in respect to each characteristic, and a choice of the 
risks to be borne by the producer and the consumer when using the 
criterion as a basis for action. One kind of producer and consumer 
risk has been discussed, and for a given choice of the magnitude of 
risks of this kind, a method of determining sample size is indicated 
when either the average, X, or the fraction defective, p, is chosen 
as the measure of quality to be used in an acceptance requirement. 


[For Discussion on Statistical Methods, see page 910.—Eb.] 
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APPLICATION OF STATISTICAL METHODS 
TO THE SOLUTION OF METALLURGICAL PROBLEMS pe a 


a pone directed toward the production of uniform steel quality, the 
desirability of considering plant metallurgical data on a statistical basis is 
emphasized, since the “‘exact relationships” governing are complex in their 
resultant effects and, hence, produce variable rather than “‘exact”’ results. A 
sharp distinction is made between variations resulting from a constant system 
of chance causes and variations resulting from assignable causes. The applica- 
tion of comparatively recent theory to the detection of assignable causes of 
variation is discussed and illustrated. Explanations of statistical principles 
involved are generally of a non-mathematical sort, the object being to stress 
the practical meaning and usefulness of the mathematical theory. The use of 
rational sub-groups of data rather than individual values is stressed, since the 
former can be more accurately treated by present theory. The construction 
and meaning of statistical control charts, using rational sub-groups of data, 
are discussed. Typical examples, involving the open-hearth and subsequent 
processes, are used to illustrate the value of these charts in determining whether 
statistical control of quality exists or whether variation is affected by the 
presence of assignable causes. The control chart provides an efficient means 
of selecting heats or items for investigation in case lack of control is indicated. 
In many cases assignable causes can be identified and eliminated. This results 
in a material reduction in the limits of variation, since these are then due to 
constant chancé causes, and statistical control is thus attained. This results 


in maximum uniformity of quality for the process in question. 


In the following discussion it is attempted to bring ovt the useful- 
ness of statistical methods when applied to every-day steel-works prob- 
lems and to present explanations and illustrations which will empha- 
size the common sense viewpoint of some of the important principles 
which many find it difficult to grasp when presented in mathematical 
terms. 

The subject will be treated in a broad, general way and, to a degree, 
rigor may have been sacrificed for the sake of making certain practical 
aspects clear. As a further aid to clearness, some of the illustrations 


1 Superintendent, Metallurgical Dept., Lorain Works, National Tube Co., Lorain, Kone ; 
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and examples used are typical but not actual. Details and refine- 
ments are thus avoided in order to emphasize basic ideas. Actual 
examples are later presented as such to demonstrate the practical value 
of this method of analysis and attack on plant problems. It is not the 
intention to present working rules and methods of calculation, as these 
subjects are adequately treated in the various text books. 

The statistical methods here considered relate primarily to varia- 
bility and type causes of variability. It is undoubtedly true that 
variability in connection with steel making and relationship between 
steel-making variables constitute major problems in this field. There 
is a general tendency to deal with averages in speaking of steel-plant 
problems, and in spite of the fact that the average values are very often 
satisfactory, the variation over and under the average constitutes the 
real source of the difficulty. A knowledge of the degree of variability 
and some conception of the causes of such variability will help ma- 
terially in defining and classifying steel-works problems. 

The steel maker is constantly faced with the problems of better 
product, greater yield, and economies of process. He alone appreci- 
ates the complexities arising from the interrelationships of tempera- 
tures, slag and metal composition, deoxidation practices, inclusions, 
segregation, etc. Granting that continued research may eventually 
establish fundamental relationships between all the factors involved, 
it is quite likely that application of this knowledge will be more 
qualitative than quantitative. Even with such advances in our 
knowledge, the application of statistical methods of analysis and con- 
trol to such complex problems will be desirable, for, in practice, these 
relationships are found to be statistical rather than exact.! 

If statistics are to be used in this field, the question arises: 
‘‘Shouid the statistician be brought into the steel mill or should the 
steel maker turn statistician?’”” The former possesses only the tools, 
the latter knows the peculiarities of the materials and conditions to be 
worked with, the practical possibilities involved, and the ultimate 
object desired. As the usefulness of statistics is determined largely 

by the amount of technical knowledge and common sense brought to 
bear on the interpretation of the statistics, and as the statistician must 
rely primarily on his calculations rather than on experience and knowl- 
edge of the problem itself, it would seem best for the steel man to make, 
or at least direct, the application of statistics to his problems, keeping 
constantly in mind that errors in using the method are as misleading as 
errors in data or interpretation. 


1See W. A. Shewhart, “Economic Control of ce of Manufactured ae 
D. Van Nostrand Co., Inc., New York City (1931). bn : 
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VARIATION 


The Importance of VARIATION in Values as Compared with the 
AVERAGE of Such Values.—It is generally recognized that every quality 
or item in connection with steel-making problems is subject to varia- 
tion. While we may state definite or absolute values for such impor- 
tant items as slag analysis, casting temperature, chipping time, etc., 
in our discussions of these subjects, it is recognized that these values 
are not absolute and, if such items are of importance, it follows that 
the variation in these values deserves at least as much attention as the 
average value. A statement such as: ‘‘ We like to pour our steel hot 
or at about 2900 F. (1593 C.),” implies only that the average value is 
satisfactory. Every steel man knows that in attempting to pour steel 
at 2900 F. (1593 C.), he will have many heats considerably hotter and 
considerably colder than this, and if pouring temperatures are impor- 
tant, it at once becomes highly desirable to know (a) how much this 
temperature can vary before results are affected adversely, (6) whether 
or not adverse temperatures are due to assignable causes, or (c) whether 
they represent the normal variation, resulting from a constant system 
of chance causes, which is to be expected under the conditions of 
operation. 

The value of tolerances or limits of acceptability is generally 
recognized in connection with manufactured parts and products. The 
fact that specifications are sometimes unwisely determined does not 
detract from the value of the principle involved. There is no good 
reason why similar tolerances or standard limits should not be intelli- 
gently placed on intermediate processes and factors of importance in 
those processes. To return to our example of casting temperatures 
in the open hearth, if this is an important factor in quality of product, 
then limits of permissible variation should be set and efforts concen- 
trated on reducing the number of heats outside those limits. Such 
standard limits are best determined by statistical methods. 

The Frequency Curve versus the ‘ Probability” Curve. Variation 
Due to “ Assignable Causes” Versus Variation Due to “‘ Chance Causes.” 
—The value of frequency curves in analyzing steel works data has been 
pointed out by Daeves.'' A frequency curve can be made from any 
sizable group of data, and study of such curves often yields valuable 
information, but such a frequency curve can be used for the prediction 
of future results only after it has been established that the variation 
present is due to several causes, all working collectively and constantly, 
and that erratic or assignable causes of variation have been eliminated 


1K. Daeves, Praktische Grosszahl-Forschung,”” VDI-Verlag G.m.b.H., Berlin 
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from the process. Through the use of comparatively recent theory, it 
is possible to determine whether variation is due only to a “constant 
system of chance causes”’ or is influenced by the presence of erratic and 
detectable causes.' The practical importance of this distinction be- 
tween types of causes of variation will be developed later, also the ad- 
vantages attained when variation is due only to constant chance causes. 

A schematic example of the distinction between a frequency curve 
and a true probability curve, and of the general application of recent 
theory, is given here to illustrate the major points involved: Suppose 
a study of the subject has shown that the amount of oxidation (FeO) 
in open-hearth slags bears a relation to the amount of defects in the 
finished product. The variation in FeO values then becomes a matter 
of importance. A frequency curve can be made for the FeO values 
obtained on each heat in successive monthly periods. Such curves 
may or may not yield useful and definite information, depending on 
the degree to which they differ in smoothness, similarity of shape, posi- 
tion and number of heats involved in each. Correct interpretation of 
such curves is, therefore, quite difficult. If, however, the same data is 
broken up into small rational sub-groups? and these sub-groups used to 
obtain estimates of the true average value and the true limits of varia- 
bility,these estimates cang now be used to test for statistical control; 
that is the absence of assignable causes of variation in FeO. If suc- 
ceeding periods exhibit this statistical stability, then the frequency 
curves may be regarded as estimates of a true probability curve, and 
prediction of future results is justified. If, however, variation in cer- 
tain periods is found to exceed the limits estimated for constant chance 
cause variation, it is evident that causes of a detectable and non- 
constant nature are affecting the results. Under such conditions the 
frequency curves of FeO are in no sense probability curves, for sta- 
tistical stability is absent and, hence, they cannot be used for 
prediction. 

The steel maker recognizes many factors which affect, directly or 
indirectly, the FeO values. If each of these is statistically controlled, 
the FeO will be also. If the FeO is affected by detectable causes, these 
may be of two types: (1) Erratic causes which have been allowed to 
influence results, or (2) to a shift in the balance existing among the 
constant causes already at work. An example of the first, erratic 
causes, would be an erratic supply of fuel which would affect the melt- 
ing rate and, consequently, the oxidation during melting. An example 
of the second, a shift in balance between the constant system of chance 

4 Shewhart, of. cit., Chapter II. 


2 The use of rational sub-groups, rather than individual values, permits a more accurate estimate 
of the limits of variation due to constant chance causes This will be further developed, 
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causes of variation, might be a positive change in the proportion of hot 
metal used in the charge. Erratic conditions are often detected by 

statistical methods before results are seriously affected. It may hap- 
_ pen that lack of control of FeO, for example, will be noted before any 
_ noticeable change has taken place in the quality of the product, but 
if this change in FeO is not given attention and corrected, further 
changes are likely to occur, and these will be accompanied by serious 
changes in quality. 

Measures of Variation: Standard Deviation.—If{ consideration is 
to be given to the variation in a quality as well as to its average value, 
_ it becomes necessary to adopt some measure of variation. The usual 

measures of variation, with their advantages and disadvantages, are 
discussed in all standard texts.! The standard deviation, @, is generally 
regarded as the most useful measure of variation and is the only one 
used in the present discussion. 


“CONTROLLED Propuct”’ AND ‘‘CONTROLLED VARIABLES” 


In the foregoing discussion, the term ‘‘control’’ has frequently 
been used with respect to certain quality factors and products. Sta- 
tistical control is referred to, and as this term involves, mathematically, 
a rather complex conception, it is advisable to attempt a common sense 
and practical conception of this important term in order that the 
mathematical aspects, which are fundamental, may be appreciated. 
Suppose that rejections for steel surface defects are known to be 
governed chiefly by four factors: namely, iron oxide in the slag, sulfur 
in the steel, casting temperature, and heating temperature in the soak- 
ing pits. Suppose, further, that these four quality factors have fre- 
quency distributions of a fixed sort; that is, their frequency curves in 
successive periods are essentially the same. ‘This is another way of 
saying that in the different periods the average and the limits of chance 
variation have fixed values and that none or very few values fall out- 
side of the limits of chance variation.” 

This variation within fixed limits, of the factors responsible for 
steel defects, implies a variation of rejections for steel defects within 
fixed limits. In other words, so long as the frequency curves of open- 


1See ‘Manual on Presentation of Data,”’ Proceedings, Am. Soc. Testing Mats., Vol. 30, Part I, 
p. 451 (1933), for a brief but thorough discussion of this subject, also of the probabilities associated 
with any range of values, X + ‘o for the “normal curve” or for data obtained under controlled con- 
ditions. The notations used in the present paper are in accord with those of the manual. In the 
present discussion, limits of chance variation are taken as X + 3e. 

2In this part of the discussion the objective values of the average and the standard deviation are 
referred to. The observed values for these statistics are used to make estimates of the true values 
and should be regarded as such. The accuracy of such estimates will, of course, be affected by errors 
in the data. In addition, they will fluctuate aceording to certain statistical laws, this fluctuation 
depending on the amount of data used in the estimate. 
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hearth and pit temperatures, sulfur in the steel, and iron oxide in the 
slag are constant, a constant frequency curve for steel rejections can 
be expected. This constant frequency curve for steel rejections will 
then have a constant value for the average and fixed limits of chance 
variation. This means that so long as control is maintained over 
these four governing factors, the average amount of future surface re- 
jections ean be predicted closely and the proportion of the total heats 
having predetermined amounts of rejections can likewise be predicted. 
The product is then said to be statistically stable or under control, sta- 
tistically. 

Since the probable combinations of individual values of these four 
factors in any one heat are limited, and since the frequency with which 
each probable set of combinations can occur is following some law of 
chance or probability, the net result, that is, steel rejections, must also 
follow some fixed law of probability. 

For each of the four governing quality factors here assumed, it 
would be possible to list a large number of secondary factors or causes 
of variation which, in turn, affect the distribution or frequency of each 
factor. Even though open-hearth conditions are uniformly main- 
tained, these secondary factors are working constantly to produce 
variation, say, in the FeO results. A few of these might be mentioned: 
Variation in composition of pig iron, scrap, fuel, and variation in fuel 
supply, efficiency of combustion, physical nature of the scrap, speed of 
melting of the furnace, amount of lime boil, amount of ore fed and 
charged, temperatures prevailing at various periods of the working of 
the heat, method of working the heat, etc. If these causes represent 
a closed system, that is, their effects are limited as is implied by “con- 
trol,’’ some conception of the meaning of a constant system of chance 
causes can be obtained. Erratic blast-furnace operation, for example, 
might result in the pig iron composition becoming a non-constant 
chance cause of FeO variation in the open-hearth slag. Similarly, a 
definite change in fuel or an erratic supply of fuel would introduce 
assignable causes of FeO variation. A similar analysis of secondary 
factors affecting temperatures, sulfur, and pit conditions might be 
given. So long as the balance and constant chance limitations are 
maintained in the multitude of secondary factors, the four assumed 
primary factors, in governing steel surface rejections, are controlled 
within limits. In turn, the ultimate objective—steel rejections—is 
controlled and future results are predictable. The attaining of sucha 
controlled condition results in a marked stability and confidence in 
operations which is highly desirable as compared with the uncertainty 
which attends operations in the absence of controlled factors. 5 ay 


iat 896 CHANCELLOR ON STATISTICAL METHODS IN THE STEEL PLANT 
J 
a 
Yer! 
, 


CHANCELLOR ON STATISTICAL METHODS IN THE STEEL PLANT 897 


CLASSIFICATION OF DATA PrRIoR TO STATISTICAL ANALYSIS 


Familiarity with Technical and Operating Conditions Is Essential 
to Proper Classification of Data.—One of the first difficulties 
encountered in applying statistical methods to plant data concerns the 
accurate classification of the data to be used. It is in this connection 
_ that the plant engineer, using statistics in the solution of his problems, 
‘is apt to attain much more satisfactory results than the statistician 
who can only accept the data presented to him for use, without recourse 

to the common sense classification and regrouping which the plant man 
knows from his experience should be made before attempting the sta- 
- tistical analysis. It is much safer to make a too detailed sub-classi- 
fication of the data than to use at the outset a very broad grouping. 
In studying open-hearth temperatures, for example, it is obviously 
wrong to group different types of steel, such as heats made by recar- 
burizing, with those made by catching them on the way down. Since 
it is known that the speed of pouring ingots and, therefore, the size of 
ladle nozzle and size of ingot mold are factors in producing ingot cracks, 
it would be obviously misleading to study the relationship between 
casting temperature and ingot cracks without segregating these other 
factors. 

The Use of ‘‘ Rational Sub-groups” of Data.—No specific rules for 
sampling or grouping of data can be determined without some knowl- 
edge of the degree of control existing and the possible or likely causes 
of erratic variation which may be present.' In classifying data or in 
determining how data for analysis shall be taken, experience and 
technical knowledge will indicate that there are certain factors which 
quite probably are “assignable causes of variation.”’ If such a factor 
is inherent in a known part of the data, then a separate group for 
analysis should be made for each part. As an example, it may be 
previously known that FeO and residual manganese are definitely 
different in rimmed steels and killed steels, even though the steel com- 
positions are generally similar. If this prior information exists, there 
is no advantage gained in demonstrating it by further analysis. 

Since FeO in the slag of a heat of rimming steel is generally known 
to be an important factor in controlling the rimming quality, it is de- 
sirable to identify the maximum number of factors which can be 
assigned as both favorable and unfavorable influences on the results 
desired. This leads to “rational sub-grouping” of the data. It is 
logical to assume, for instance, that composition of the hot metal, size 
of ladle nozzle, and size of ingot molds may have important effects on 


1 The basis for rational sampling is discussed by Shewhart, o?. cit., pp. 299, 409-412, ee 
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results. In an analysis, then, of FeO in rimmed heats, the sub-groups 
(points on a control chart, which will be discussed later) may be so 
selected as to contain, in any one group, only heats of a definite type. 
These types of heats might be those with high silicon in the charge, 
those poured in a specific kind of mold, those finished by a particular 
melter, etc. In looking for controllable factors in a problem, the data 
can be regrouped in various rational ways in order that the supposi- 
tions concerning detectable causes of variation may be tested for their 
correctness. 

While direct correlation between steel-making variables is highly 
desirable, it is not essential to marked improvement in results if the 
principal causes of variation are identified qualitatively and efforts 
are made to maintain them in the range most favorable to the results 
desired. The use of rational sub-groups in an analysis is a powerful 
tool for identification of important factors, and the control chart itself 
will indicate the degree of success in regulating the controlling factors, 
once they are identified. In the absence of any other basis for rational 
sub-grouping, time obviously becomes the best one. 


STATISTICAL CONTROL CHARTS, THEIR MEANING AND USE 


Purpose of the Control Chart-—The control chart is a graphical 
means of showing readily whether or not statistical control exists. 
When control is lacking, those samples out of control are made readily 
evident by the chart. 

It is possibly worth while to attempt a simple and non-technical 
discussion of these charts and the values and principles involved in 
them. The following makes no attempt to serve as a working basis 
for the use of such charts but aims to assist in visualizing their meaning 
and usefulness.' 

There are two main types of control charts: (a) Charts for average 
and for standard deviation; (b) charts for pieces or percentage rejected 
on a “go-no-go”’ basis.” 

Control charts of type (a), that is, charts for average and for 
standard deviatioi., consist of three parallel lines, the middle one of 
which is taken as the expected value of the the average or the standard 
deviation, depending on which type of chart is under consideration, 
and the two outer lines represent the limits of variation due to constant 


1 The methods and principles contained in Shewhart, op. cit., are probably the most advanced 
and most useful application of statistics to manufacturing processes yet developed. For the full 
development of the control chart, reference should be made to this work. 

2 For discussion of variables and attributes, see Shewhart, op. cit., pp. 40, 41, 71. The calculation 
of limits and the construction of charts of type (b) are less involved than those of type (¢) and will 
not be discussed in detail in this paper. Reference should be made to Shewhart, op. cit., pp. 40, 41, 71, 


| 
f 
i 
t 
t 
y € 
| 
I 
he 
i 
Se alt 
1 
‘ 
( 
— 
| 
-f 
Lavy 


CHANCELLOR ON IN THE — 399 


chance causes within which the group sample values (points on the 
control chart) may fall. 

For any specific case, both of these charts depend on the mathe- 
matical properties of the fundamental frequency curve of that case, 
which is based on a large number of single observations, but they diifer 
from the true frequency curve, as generally encountered, in the follow- 
ing respects. The production of a frequency curve of an approxi- 
mately true theoretical shape requires a large amount of data, although 
the exact number of observations required depends on the variability 
of the particular quality being considered. Several hundred observa- 
tions are generally necessary to determine closely the contour of the 
frequency curve applying to the case in question. This is especially 
true of the extremes of the curve which are the parts most affected by 
erratic conditions and which are of most concern. 

The Use of Several Small Groups of Dati, Rather thin One Large 
Group.—Decisions on plant problems are frequently required before 
sufficient data can be accumulated for the construction of character- 
istic frequency curves. The control charts can be constructed from a 
much smaller amount of data, and the data can be used more efficiently 
in the form of a control chart than when treated as a frequency curve 
of single observations.? 

A series of random observations of a quality, divided into small 
egual groups of, say, 4, 6, 13, 100, etc., each, provided they come from 
a single probability distribution, possess certain mathematical rela- 
tionships to the fundamental frequency distribution, although they 
may be too few to form a good frequency curve of themselves. It is 
very desirable to have an understanding of why it is possible to work 
with these groups of small samples. In the first place, the main object 
of the analysis, or of the control chart, is to enable us to say whether 
or not the groups of samples selected come from a large number that 
are varying according to some probability law or whether they come 
from a large group which is affected by erratic or uncontrolled con- 
ditions. 

For simplicity, groups of four rather than any other number 
which might be chosen will be used in the following discussion. If a 
few observations, say 48, are available on a certain quality, such as 
iron oxide in the open-hearth slags, these 48 observations can be 
grouped into twelve rational sub-groups of four each. If there is no 
other rational basis for sub-grouping, time can be made the basis. 


1 When n varies, the control lines will vary accordingly. See Shewhart, op. cit., p. 310. 
2 This follows from the fact that the distribution of the small sub-groups tends to follow the 
*‘normal law,” while the individual values may follow an unknown law. See Shewhart, op. cit., pp. 


211, 267. 


: 
= 
: 
4 
2 
fas 
i 
| 


For each group of four, the average and the standard deviation can be 
calculated in the usual way. These averages and standard deviations 
obtained from small groups will, of course, show considerable fluctua- 
tion or differences among themselves, because four, as used in this 
case, is too small a number to give a “good average.”’ 

A better estimate of the true limits of chance variation can be ob- 
tained by studying the behavior of the average and standard deviation 
in twelve groups of four values each, than can be obtained by studying 
the average and standard deviation estimated from the 48 observations 
taken as a single group. Suppose for the moment that a great many 


TaBLe I.—LiMITs OF VARIATION TO BE EXPECTED IN THE AVERAGE AND THE 
STANDARD DEVIATION WHEN THE NUMBER OF SINGLE OBSERVATIONS USED IN 


THE CALCULATIONS Is VARIED:_THE Errect oF “SAMPLE SIZE,” m, ON THE 


oe VaALuEs oF THESE Statistics, X AND ¢g, FROM A CONSTANT CHANCE Dis- 


TRIBUTION. 


Basie Data.—An “infinite” number of FeO pe ema ore in open-hearth slag have shown an ranane of 12 per cent 
and a — deviation of 3 per cent, and all of these determinations form a “ normal” frequency 

++ three times the standard deviation = 12 + 9 = 3 per cent and 21 per cent. 90.74 per cent of all 

par. whe will fall inside these limits. 
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3- 21% 
7.5 -16.5 
9.0 -15.0 
9.75 - 14.25 
10.20 - 13.80 
10.87 - 13.12 
11.10 - 12.90 
11.91 - 12.09 
11.99 - 12.01 
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more than twelve values for the average and standard deviation had 
been obtained, sufficient to form good frequency curves. We then 
have a frequency curve of averages of four and a frequency curve for stand- 
ard deviation of four. These frequency curves have all the properties 
of the frequency curve in general. They, therefore, each have a stand- 
ard deviation.' If the standard deviation for averages of a given group 
—four in the present example—is known, then it at once becomes pos- 
sible to estimate the limits of chance variation for these averages.” 
Any one of these averages which falls within these limits is a “good 


1 This can be calculated in the usual way, but is not generally done, as more satisfactory methods 
are available. 
* See Shewhart, op. cit., pp. 184, 185,212,312. 
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average”’ in the sense that it must be accepted as liable to occur from a 
constant system of chance causes alone. Conversely, any average 
hich falls outside these iimits can be assumed to be the result of erratic 
auses which warrant investigation. These same generalized remarks 
apply to the standard deviation. 

As it is highly important to have a conception of the behavior of 
averages and of standard deviations calculated from small groups as 
opposed to large groups, Table I may be useful in visualizing the 
situation. 

The first part of this table considers the variation in averages 
expected to occur due to constant chance causes alone, based on the 
number of samples contained in that average. In this example it is 
assumed that the true average of FeO content is already known, that 
is, 12 per cent, and, likewise, that the standard deviation, based on an 
infinitely large number of samples, is 3 per cent, and that the distribu- 
tion is normal. If, then, it is attempted to check this average by 
taking only one observation, it must be accepted beforehand that this 
observation may fall anywhere between 3 per cent and 21 per cent. 
If 16 individual slag samples are taken to determine the average, the 
resulting average can be expected to fall anywhere between 9.75 and 
14.25 per cent. Even if ten thousand are taken, the average obtained 
may fall anywhere between 11.91 and 12.09 per cent. 

The point to be noted is that the limits of variation for the 
average (when m is constant) represent the right and left-hand ex- 
tremes of the probability curve of averages for the particular value of 
n, and that any value which falls within these limits need not be ques- 
tioned for error. Of course, the chances of obtaining values at either 
of the two extreme limits are rather small, and the probabilities are 
that the value obtained will lie nearer to the true average than at 
either extreme. The above illustration is similar to many found in 
actual practice where successive attempts to determine the average 
value of an important item give results which differ considerably and 
whicn are, therefore, sometimes questioned. If it is known that the 
quality in question is under control, these differences in averages ob- 
tained can be explained, and the averages can be accepted with con- 
siderable confidence. In the second part of Table I, the limits of 
chance variation of the standard deviation are shown for this same 
basic data. 

Control charts of this type cannot be calculated until a fairly satis- 
factory estimate has been made of the true average and the true stand- 
ard deviation. Methods for constructing control charts and conditions 
for their valid use are given elsewhere.' 


Ghowkart, op. cit., Chapters XVII-XXI, inclusive. 
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Discussion of an Actual Control Chart Used in Practice-—Figure 1 
shows an actual set of control charts developed for percentage FeO in 
open-hearth finishing slags of a certain type of steel. Four hundred 
and sixteen individual heats are involved, these being grouped into 
104 groups of four heats each (m = 4), selected in chronological order.’ 
For identification of individual heats, the different groups are given 
consecutive numbers and a record kept of the heat numbers in each 
group. From the data available, the average and the standard devia- 
tion of each sample of four were calculated, as well as their limits of 
chance variation. Control charts were then constructed as shown and 
the individual groups plotted in chronological order. oi homens 
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Group Number Frequency 4st te 
Fic. 1.—Control Chart for FeO in Open-Hearth Slag. 


In order to assist in visualizing the meaning of these charts, the 
individual points plotted in the control charts have been “pushed 
down’”’ to a base line and grouped in intervals. It is seen that they 
tend to form frequency curves; that is, we have a frequency arrange- 
ment which shows the way in which these averages and standard devia- 
tions, based on four slags each, are varying. 

By examining the data in Fig. 1, it will be seen that there are a 
few points out of control, either for average or for standard deviation. 

Keeping in mind the errors involved in the estimates of the average 
and standard deviation, which are necessary for constructing an actual 
control chart, such as the above, it is now advisable to consider those 


1 There is no other apparent basis for rational sub-grouping. bth 
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points on the chart which indicate, in themselves, a lack of control of 
iron oxide, that is, the presence of assignable causes not affecting the 
majority of points. In the first place, it will be noted that these points 
are not greatly outside the control limits, and it is reasonable to suppose 
that the detection of the trouble causing slight deviations beyond the 
limits will be more difficult than in cases where the point lies con- 
siderably outside the limits. 

The histories of the heats involved in points outside the limits 
were investigated in detail and, in some cases, no definite explanation 
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Fic. 2.—Control Chart for Chipping Time. 


was found for the variation. In the majority of cases, however, it 
was found that some factor in the open-hearth charge was responsible 
for the variation. This refers to the proportion of light and heavy 
steel scrap, proportion of pig iron and hot metal in the charge, and the 
composition of the iron itself. In border-line cases, where the points 
are only slightly outside the limits, this condition may be the result of 
errors in sampling and in making the estimates necessary for the con- 
struction of the chart. However, they deserve investigation, as erratic 
conditions responsible for excessive variation may be detected, if 
present, even in such border-line cases. 
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Additional Practical Examples of Control Charts and Their Use.— 

In order to study the effect of open-hearth practices on the surface of 

ingots, blooms, and rounds, so that changes in practice, such as the use 

_ of different types of ingot molds and ingot mold coatings, could be 

_ measured, control charts were developed for the chipping time per heat 
_ in terms of man-hours per unit of surface area. 

These charts are shown in Fig. 2. For both kinds of mold coat- 

_ ings, some heats required excessive chipping time.? In three groups 

_ the trouble was due to rolling mill difficulties rather than to steel-mak- 

ing difficulties, in six groups the trouble was directly due to steel-mak- 

ing details, and for the remaining three groups no explanation was 

found for the extreme variation. The most interesting feature of these 


Heats Out of Control 
4 Heats had insufficient deoxidation 
-— © Heat had insufficient deoxidation and 
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blooming mill yield 

© Other causes 

Average percentage rejected =0.476 
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Number of Heat 
Fic. 3.—Section of Control Chart for Rounds Rejected for Bad Surface. 


_ charts is that they show a real difference in both average chipping time 
and variability in favor of the tar-coated molds. 
Figure 3 shows a control chart of type (6) for rolled rounds re- 
jected due to very poor surface. The limits of chance variation are 
not shown in the figure, since they vary with the number of pieces per 
heat; however, the heats out of control are indicated by different nota- 
tions. Certain definite indications were obtained by investigating 
these, the most interesting being those heats lacking complete de- 
oxidation. 


It is interesting to note that immediately prior to construction of 


chipping time. 
| 2 Because of lack of space, groups 1 to 20 have been omitted from the charts or graphite-washed 


7 | 1 Where the sections vary considerably, surface, rather than weight, is a better unit for measuring 
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Average percentage rejected = 2 /4/ 
e Average number of pieces per heat =102.6 


Number of Pieces Reyected per Heat for Steel Defects 


0 0 2 8 20 130 40 150 60 0 180 190 200 210 220 
Number of Heat iu 


_ Fic. 4.—Section of Control Chart for Percentage of Rejections Due to Steel Defects, 
220 Open-Hearth Heats Made Before an Attempt Was Made to Control Steel 
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this chart a very unusual amount of rejections occurred on one heat! 
and the cause of the condition was so evident that an immediate change 
in amount of deoxidizers was made. The analysis of the chart indica- 
tions showed that previous heats, lacking sufficient deoxidizers, had 
resulted in slightly higher rejections than usual, but at the time the 
connection was not directly apparent. It would appear that had this 
control chart been placed in effect earlier, this condition would have 
been detected prior to the occurrence of the glaring case mentioned 
above. 

Several interesting points are involved here. Variation is bound 
to occur and, without some form of guide, it is difficult to decide on the 
degree of variation from normal which is worth while investigating; 
that is, what variation can be left to constant chance causes and what 
variation is due to erratic conditions deserving attention. The sta- 
tistical methods which establish limits of variation due to a constant 
system of chance causes would seem to be the most logical means for 
distinguishing between those cases which warrant special study and 
those cases which can be ignored on the assumption that they are 
inherent in the process. This control chart for rejected rounds, to- 
gether with control charts for sulfur variation on a certain grade of 
steel have indicated that the use of such charts tends to detect ab- 
normalities and important changes in conditions prior to the time these 
changes become noticeable and objectionable in a more obvious way. 

Figure 4 shows several sections of a control chart for pieces of 
finished product rejected per heat on 220 open-hearth heats (rejections 
here considered were due to a specific types of steel defect.)? Twenty- 
three of the 220 heats had rejections in excess of the chance variation 
limits. The histories of these heats were carefully examined and, as a 
result, an effort was made to control certain steel-making variables 
which appeared to be responsible for the erratic conditions. All but 
an occasional heat were eventually brought within the desired steel- 
making control limits. (These occasional heats were given a rating of 
“poor” before processing.) Figure 5 is a section of a control chart of 
104 open-hearth heats made subsequent to the control established at 
the open-hearth. Seven of these heats showed excessive rejections in 
the finished product, three having open-hearth ratings of ‘‘ poor,” two, 
ratings of “fair’’ and two with no open-hearth record available. In 
the first run, 10.4 per cent of the heats were out of control, and in the 
second run this figure had been reduced to 6.7 per cent, but the major 
improvement effected is shown by the fact that the limit of chance 


1 This heat is shown on chart as having high loss on blooming mill as well as on inspection. 
» 2 Only typical sections of the full chart are shown. 
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variation had been reduced from seven pieces to three pieces and 
that the average rejections had been reduced from 2.1 to 0.8 per 
cent. This is a good example of the narrowing of chance variation 
limits as well as improvement in the average quality which generally 
results from the eliminating of “assignable causes of variation.”" 

Two other examples of the use of control charts are given: ye 


1. After changing from a low percentage of pig iron in the open- 
hearth charge to a high percentage, the new values for FeO in the slag 
and residual manganese in the bath were found to be consistently out- 
side of the previously established limits of control. This indicated 
that a new set of factors was at work. Calculations of control data 
under the new condition were made and compared with the former 
conditions as shown below. | 

IRON CHARGE, HiGuH IRON CHARGE, 
mex PER CENT 


Average FeO 9.6 11.4 
Limits of chance variation, FeO 15.7 
(samples of 4) ae 


Average manganese 0.25 aay: 0.20 & 
_ Limits of chance variation, manganese 0.19- 0 30 0.13- 0.26 


(samples of 4) 


It is evident from the above that the high iron charge, with its 
coincident ore charge, has not only raised the FeO and lowered the 
manganese, but has increased the limits of chance variation in each. 

_A reasonable degree of control was found to exist under both conditions. 

2. A definite change in the steel-making practice on a certain 
type of steel was made and the conditioning time on the bloom surface 
was observed to note any possible effects. The results are given 
below: 


MetuHop A, MeEtTuHop B, 
HOURS PER TON HOURS PER TON 


Average conditioning time 0.99 0.58 
Limits of chance variation 0.49-1.49 0.29-0.88 
(samples of 4) 


Method B is seen to be better than Method A, both as to average 
conditioning time and uniformity. 


IMPROVEMENT IN PRACTICE AND QUALITY THROUGH (a) SECURING 
ConTROL, (6) CHANGE IN PRACTICE OR PROCESSES 


_ Statistical methods are very useful in analyzing a questionable or 
unsatisfactory manufacturing condition, involving quality, loss of 


1 The factors responsible for lack of control in Fig. 5 were confined to certain heats and did not 


have an influence on the other heats. 
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product, etc. The following outline of procedure is suggested for such 
an investigation: 

The quality may be unsatisfactory because (1) the average is 
unsatisfactory, or (2) variation is excessive, or (3) both average and 
variation are unsatisfactory. The first step consists in determining 
whether statistical control exists. If it does not and the presence of 
detectable causes is thus indicated, these should be sought for and 
eliminated if possible. Their elimination will greatly affect either the 
average, variability, or both, and the new (controlled) values for both 
the average and the limits of chance variation should then be de- 
termined. These may, under the controlled conditions, be acceptable. 
If not, a new system of constant chance causes (change in process) 
must be set up. 

Suppose, for instance, the physical properties of the product 
after heat treatment are the subject of study, and that after statistical 
control is established, the results are not satisfactory. If the average 
is in question, it might be raised by a proper shift, say, in chemical 
composition, and if the latter is under control to the same extent in 
both ranges, the average, but not the variation, will be affected. If 
variation is in question, this might be decreased by controlling, within 
closer limits, either the chemical composition or the heat-treating con- 
ditions. New heat-treating facilities, with narrower limits of chance 
variation, might be the most economical means of securing greater 
uniformity, particularly if chemical composition is already controlled 
to the best economical degree. 

The formulation of such problems, along the same general lines, but 
without recourse to statistics, is frequently used. The advantage in 
using a statistical analysis lies in the more exact formulation of the con- 
ditions to be corrected, since detectable and non-detectable causes of 
variation are differentiated and efforts can be efficiently directed either 
toward better control of the old process or adoption of a more satis- 
factory one, as indicated by the results of such statistical analysis. 


SUMMARY 
Steel-making problems appear to be particularly suited to the 


application of statistical methods, especially those more recent methods 


involving the use of small rational sub-groups of data rather than indi- 
vidual values. The justification for a “statistical” rather than an 
“exact” viewpoint on steel-works problems lies in the complexity of 
combined causes producing the resulting effects, even though the basic 
governing laws may be regarded as exact. 

Since variation in results must be expected, methods are suggested 
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for determining whether variation is due to a constant system of chance 
causes alone, or is due partly to detectable or assignable causes. These 
methods are of much use in identifying this latter type of cause, and the 
degree of success will depend largely on the rational classification of the 
data. This condition justifies the application of the methods by the 
plant engineer rather than by the statistician. 

A statistical control chart is used to indicate the average quality, 
the constant or non-constant nature of the variability present. It 
also serves as a measure of improvement which may result from elim- 
ination of detectable causes of variation and from any change in prac- 
tice or process which may be indicated as necessary for improvement 
in case results are not acceptable after control has been established. 

In conclusion, it is desired to point out that the application of 
statistical methods to steel-works problems is in its elementary stages 
and that further and more general use of statistical methods will help 
to establish their proper place and usefulness. The foregoing general 
discussion is given primarily with the hope of arousing further interest, 
which will, in turn, lead to a broader and more useful application. Two 
of the principal aims in this discussion are to point out the very great 
possibilities existing in this field and to offer a non-mathematical view- 
point of some of the important conceptions and details which the pres- 
ent author, not being a statistician, has found difficult to grasp when 
presented from the statistician’s viewpoint. 

The author desires to express his appreciation to Dr. W. A. Shew- 
hart and Mr. H. F. Dodge, of the Bell Telephone Laboratories, for 
their encouraging criticisms and suggestions, and to Mr. J. E. Gould 
and Mr. H. J. Hand, members of the Metallurgical Department, 
Lorain Works, National Tube Co., for their helpful assistance in pre- 
paring this ‘Paper, particularly in the preparation of the data and 
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DISCUSSION ON STATISTICAL 


Mr. D. F. Miner! (presented in written form).—It is encouraging 
to note the increased use being made of statistical methods of product 
analysis, particularly in the metal industries. Simple mathematical 
interpretations are being given to the former excellent theoretical 
treatment. These interpretations are necessary to enable manu- 
facturing and engineering personnel to make most effective use 
of the principles. Manufacturers will be benefited in being able to 
control more closely the quality of their products, especially those 
subject to the natural variations of many raw materials, and will be 
able to recognize lack of manufacturing control and its source. An- 
other benefit which will result from the application of these methods 
to testing and inspection will be a better situation between supplier 
and user of materials and products. It is quite probable that many 
methods of inspection by users have been unfair to the producer and 
have resulted in unnecessary rejections. On the other hand, it is 
possible that in some cases more drastic rejections should have been 
made. A recognition of proper method of sampling and interpreta- 
tion of test results on these samples will aid in determining a better 
basis for acceptance and rejection. 

Mr. E. D. Sir? (presented in written form).—The benefits 
which industry may gain by the application of statistical analysis to 
the solution of a wide range of problems in production and standard- 
ization, as well as in research work, are not fully appreciated. But 
it appears that the techniques of the method are submerging the true 
philosophy of this branch of scientific analysis. What should appeal 
to us most of all is the underlying lesson to be taught—the human 
basis upon which the statistical analysis is founded. In other words, 
upon what is the philosophy of your statistical control of industrial 
manufacturing processes builded? 

Mr. Chancellor’s paper on statistical methods in a steel plant has 
indicated that he desires to supply the consumer a product of constant 
homogeneity. But in doing this there must be a variation. This 
variation he analyzed with great pains, to distinguish between those 


1 Manager, Material and Process Engineering Dept., Westinghouse Electric and Manufacturing 
Co., East Pittsburgh, Pa. 


2 University Fellow, Department of Industrial Engineering, Columbia University, New York City. 
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of an assignable character and those ¢' a purely random nature. The * 


results indicate the dependence of the quality upon choice and pro- 
portion of raw materials, variation in homogeneity of the product, 
effect of heat temperatures, etc. Clearly, the sound judgment of the 
technical expert, say for example the engineer, is necessary, as distinct 
from that of the statistician. Once the limitations of the data are 
known the presentation of the information in such data is dependent 
on the man skilled in statistics. 

As to the general methods of ‘the quality control of manufac- 
tured product, it seems that sometimes the control is not as satisfac- 
tory as it would be hoped for. This is often due to faulty analysis 
of the problem; that is, its data. Quite positive results have been 
obtained in many cases that, upon further analysis, have been proven 
to be erroneous. 

Much of the present method deals with samples that are assumed 
to be normally distributed. Attention should be given to the exam- 
ination of the data for departures from the normal law of distribution. 
Such procedure requires a rigorous analysis of the process and a 
specialist in statistics who is also an engineer. 

There are a great many problems needing solution in this field. 
But it seems that the most important thing to bear in mind is the 
direction in which we are moving and not so much the technique used 
to get there. The technique is forthcoming once the problem is 
defined and the functional relationships are known. 

The use of the probability analysis of the distributions of indi- 
vidual quality characteristics seems to be the outstanding contribution 
of the paper by Mr. Dodge. A greater use should be made of such 
analysis of the data as it removes to a great extent the labor of fitting 
normal frequency curves to the frequency distributions and then 
integrating the function. The mechanics of the application of the 
method needs a simple presentation. 

The consumer sets the minimum requirements for the material 
he is purchasing. Generally there is no premium paid for a product 
better than the minimum. When this condition exists the producer 
will aim to manufacture his product so that it will just meet the 
specifications and be accepted. The average or mean of the test 
specimens might be used as the criterion. Mr. Dodge has presented 
another method of determining the acceptance requirements. Samples 
are assumed drawn from the same population with a unit standard 


1E. D. Smith, “‘ Dynamical Production Analysis,” Mechanical Engineering, Vol. 56, No. 6, June, 
1934, pp. 331-336. 


E. D. Smith, ‘‘ Control of Production in a Dynamic Economy,” Mechanical Engineering, Vol. 56, 
No. 8, August, 1934, pp. 470-476. 
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deviation. Written consideration to conditions that depart — 
this assumption, and normality, are important. By way of example, 
the relation between tensile strength and Rockwell hardness, as 
given by Shewhart on page 42 of his book! for aluminum die-castings. 
The results of the analysis of this series of tests, without regard as to 
how they have been obtained, indicates that there is a stable relation 
between these two quantities. The tensile strength is irregular from 
sample to sample, when the 60 tests are grouped into 5 samples of 
12 tests each; while the variation in hardness is as might be expected 
by chance. From the practical viewpoint, however, the results are 
not satisfactory. Analysis by the methods of this Society would 
indicate very satisfactory results. 

There has been shown that the consumer must specify his mini- 
mum standard and the percentage of cases below this standard that 
he will accept. This throws an additional burden upon the producer 
because he must raise his standards and control the product to within 
small variations to prevent a probability of his product being rejected; 
based on a sample to indicate the characteristics of the whole lot. 
The technique of sampling and control require the use of statistical 
methods, and it would seem that it must be used much more than it 
has been employed heretofore. This would of course require that an 
engineer must be employed who is also statistically minded. 

Since the producer is not being paid for the excess quality he is 
supplying the consumer his effort will be to make a product no better 
than need be; that is, the mean of the manufactured product, and its 
deviation about the mean, will be controlled to as close a limit as 
possible in order to just meet the specifications. But what percentage 
is the consumer to allow the producer to supply below the minimum? 
That is, how many items must be above the specification before one 
below the minimum is to be accepted by chance performances? Is 
it to be 100 to 1, 160 to 1, 740 to 1, or any other value that one might 
choose? A knowledge of the fluctuations about the mean, in the form 
of the standard deviation, will establish these chance relationships. 
Remembering that the consumer is concerned only with a product to 
meet his specifications, the distance that the mean of the test sample 
must be above the acceptance limit would be 2.37, 2.5, or 3 times the 
standard deviation of the sample to give the foregoing chance ratios. 
It would seem that the limit of 2.5 standard deviations, or a chance 
ratio of about 160 to 1, would be quite satisfactory. 

The computation of the sample standard deviation, as given by 


1W. A. Shewhart, “Economic Control of Quality of Manufactured Product,” D. Van Nostrand 
Co., Ine., New York City (1931). 
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the Society’s Committee E-1 in the Manual on Presentation of Data 

(1933),} is 


pant 


_ which also may be written as 
— (SX)X 


_ These equations give the standard deviation of the sample rather than 
_ estimates of the universe, hence make no allowance for any ‘degrees 
of freedom.’”? 
In calculating the standard deviation there is considered only a 
_ single variable, the number of degrees of freedom is less by one than 
the number of observations, that is, »—1. When the sum of squares 
of the deviations, the numerator in Eq. 1, is divided by —1 instead of 
n the resulting standard deviation is a better estimate of the standard 
_ deviation of the population from which the sample has been drawn. 
_ Specifically, dividing by n—1 overcomes the tendency, inherent in 
_ the use of small samples, to underestimate the standard deviation of 
_ the population. 
Now, facts are obtained to enable one to draw certain inferences; 
so when one passes from facts to inferences one really fulfills the 
_ real and only motive for gathering the facts, and for this reason 
should make any corrections that cause a bias in small sampling 
when inferring the structure of a much larger group—a population or 
universe (so in all cases we should divide by n—1). 

It is therefore seen that in problems of sampling in estimating 
lot quality dividing by m is to the disadvantage of the consumer 
because the producer can come closer to the acceptance limit than 
when allowance for the degrees of freedom which are not made in 
Eq. 1. Allowing for n—1 degrees of freedom the new equations are: 


n—1 2 


This adjustment is always made in statistical problems of estimation 
and inference and should be made here. By way of example, to show 


1 Manual on Presentation of Data, sponsored by Committee E-1 on Methods of Testing, Pro- 
ceedings, Am. Soc. Testing Mats., Vol. 33, Part I, p. 451 (1933). 
* Student, “The Probable Error of the Mean,”” Biometrika, Vol. 6, pp. 1-25 (1908). 
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_ the change in the standard deviation between the two methods, take 


the first nine natural numbers, 1-2-3-4-5-6-7-8-9, and compute the 


_ statistic by the two different methods. The mean is X = 5 and ae 


2245-2025 


where the subscripts / and 2 correspond to Eqs. 1 and 2 sails 
If the chance limit is about 160 to 1, that is, 99.379 per cent of the 


cases are above the minimum while only 0.621 per cent will be below, 
- then the diYerence between the two methods is 0.25 units ( = (2. 5) 


(1.75) — (2.5)(1.65)). This indicates that o; is for the sample itself 
while a is the best estimate of the universe from which the sample is 
drawn. The producer gains in the first in that he must produce a 
product with its mean only 4.125 units above the minimum acceptance 
limit while in the second, the correct case, the consumer profits by 
making the producer raise his standards with a mean of 4.375 units 
above the limit. It is therefore seen that this correction is of impor- 
tance for estimation and should not be neglected. This is especially 
shown in the equations. For large values of this correction, quite 
obviously, assumes less importance. 

THe CHAIRMAN (Mr. Dean Harvey').—Mr. Smith has called our 
attention to the fact, which has long been recognized by the Com- 
mittee on Presentation of Data, that statistical methods are best used 
by the engineer rather than the statistician, particularly for the 
reason that data has to be used with judgment and the engineer is 
the one who knows the circumstances under which the samples were 
taken, and data secured, so he is in the best position to provide the 
judgment necessary for the evaluation of the data. This is not any 
criticism of the statistician, because he is performing a very valuable 
service in providing this means by which the engineer can judge his 
data. The engineer however has to learn how to use this new tool, 
and that is where the statistician can be of great assistance to him 
in showing him how these methods can be used to advantage in a 
practical way in determining, in a very definite manner, the prop- 
erties of a lot of materials. 

Mr. H. F. Donce® (by letier)—With reference to Mr. Smith’s 
comments on the choice of a suitable acceptance criterion, using the 


1 Materials Engineer, Material and Process Engineering Dept., Westinghouse Electric and 
Manufacturing Co., East Pittsburgh, Pa. Pi am 
*Member of Technical Staff, Bell Telephone Laboratories, Inc., New York City, 
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average and standard deviation of the sample, I do not believe ola Rie 
all expressed requirements are intended to be equally severe, hence 
it would not appear desirable to adopt any fixed poet value, 


the choice in each particular case, taking into account the needs of 
the consumer and the capabilities of the production processes. An — 
acceptance requirement of this character that has been found useful | 
in practice was indicated in a recent paper,! where the “observed 
range” for the sample, the difference between the largest and smallest 
observations, is used in place of the observed standard deviation, as 
a practical expedient. 

Mr. Smith’s comments on corrections for small samples in prob- 
lems of estimating the parameters of the frequency distribution of a 
universe from the quantitative data of samples, are in line with the 
recommendations of our Technical Committee. These corrections 
have appeared in papers presented before the Society.2 Referring, 
however, to the problem of setting acceptance-rejection criteria for 
use with sampling inspection plans, it is wrong to presume that such 
criteria of necessity involve estimation from a sample. On the con- 
trary, such criteria are most frequently set up to serve as a basis for 
testing some a priori hypothesis and to provide a desired efficiency 
of discrimination between material of various possible levels of qual- 
ity, in which case the correction factors referred to are inapplicable. 

Mr. M. F. SKINKER® (presented in written form).—The paper 
by Mr. Dodge gives us mathematical backing for many things that 
experience has taught us must be true. In the past so much material 
has been produced without control that specification requirements 
could not be made scientifically. Since we could not use 100 per 
cent inspection of such component parts engineers have had to use 
extremely large factors of safety. 

Of course, consumers are interested in getting more uniform 
products to insure their reliability and to reduce the amount of test- 
ing. Many manufacturers do not realize the importance of controlled 
materials in the building of a large unit or plant. In our company 
the failure of one item of steel to meet the requirements of a long 
accepted standard specification delayed for months the completion 
of two huge units. The interest on the total investment during this 


1H. F. Dodge, “Statistical Control in Sampling Inspection,” presented at a Round-Table Discus- 
sion on Acquisition of Good Data, held at the 1932 annual meeting of the Society; published in Amer- 
ican Machinist, October 26, pp. 1085-1088, and November 9, 1932, pp. 1129-1131. 

? For example, see R. F. Passano, ‘Controlled Data from an Immersion Test,”’ Proceedings, Am. 
Soc. Testing Mats., Vol. 32, Part II, p. 468 (1932). We 

* Assistant Director of Research, Brooklyn Edison Co., Brooklyn, N. Y. Pe 


4 
DISCUSSION ON STATISTICAL METHODS 915 
Visability o iS] 
ay 
f 
5 


aa 


ALS i 

DISCUSSION ON Sr ATISTICAL METHODS 


period was many times greater than the cost of this one item. When 


we get component materials under measured control then we will be 
in a position to avoid delays thus reducing fixed charges during con- 
struction and repair. 

Mr. A. G. Asrcrort.'—I have been greatly interested in the 
application of statistical control in textile manufacturing. While 
the applications of statistical control in this country seem to be 
centering mostly around the metal trades, I feel that textile products 
offer a better and larger field for development because the textile raw 
materials are much less controlled and offer in themselves large 
variations before any fabricating is done, causing large variations 
and dispersions which cannot be measured by the ordinary averages 
or minimums. With nothing more than averages of a quality meas 
urement of these variable materials one is merely guessing at the 
result. For the past few years I have, in a modest way, applied 
statistical criteria. Statistical methods seem to have an excellent 
field particularly in the acceptance rejection requirements covered 
by Mr. Dodge. With the use of dispersion or spread in addition to 
the usual average one has a much better picture upon which to base 
an acceptance decision. Mr. Chancellor remarked that one of the 
best features of the use of the criteria is the confidence they give that 
one is measuring something definite. An average of a quality or a 
per cent defective does not by itself give that confidence. 

I was struck by one of the points made by Mr. Smith that a 
statistician and an engineer would be required to use the criteria in a 
practical way. I have found, on the contrary, that the simple criteria 
outlined in the Manual on Presentation of Data are easily taught to 
a man of high school education. As a matter of fact the statistical 
criteria are being applied today in my company by a man of about 
40 years of age who had been a foreman but had had no theoretical 
training of any kind. It took him only a few weeks to understand 
and apply the mathematics outlined in the Manual and to apply 
the statistical criteria to not only our own product and research but 
to the effective evaluation of our purchased materials. I should 
like to eraphasize again the textile field in this connection. I believe 
an application of the statistical approach is of particular importance 
to our textile committees. They are today setting up standards and 
specifications for minimum strengths, weights and regains of yarns, 
methods of measuring twist and other very definite specifications 
which, it is my belief, can only be accurately set up if the data upon 
which the specification rests is statistically controlled. 


1 Product Engineer, Alexander Smith and Sons Carpet Co., Yonkers, N. Y. Fe . i 
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Mr. Harvey.—I think Mr. Ashcroft has done well to point out 
the fact that these methods are practical for use by ordinary people 
who have not had the benefit of the higher mathematical training. 
Many people have come to the conclusion that statistical methods are 
so difficult that they can hardly be understood by anybody except a 
statistician. That is not true at all; it is something that the com- 
mittee has been trying to combat for a long time. I am glad Mr. 
Ashcroft has brought that out so clearly. 

Mr. H. J. Bati.'—Speaking for Committee D-13 on Textile 
Materials, we certainly are impressed with the high variability that 
exists in the results of our tests, and it is readily understood from the 
nature of the materials with which we work why that is true. We 
have come to realize the need for better interpretation of data and 
that the application of statistical methods is the probable answer. 
I think the work of Committee E-1 along these lines is very timely and 
I wish to compliment the committee on the clarity of its Manual on 
Presentation of Data. The material is presented in a clear, concise, 
and readily understandable form. It is my hope that Committee 
D-13, as time goes on, will put into its specifications limits and 
tolerances based upon a better understanding of statistical methods 
and relationships. 

Mr. WERNER VON BERGEN.*—Similar methods as explained by 
Mr. Dodge have already been used in grading of wool qualities. Our 
experience in this respect covers a period of three years. 

As most of you may know the quality of wool is based on the 
average fineness of the individual fiber. ‘This fineness can be measured 
in several ways. We are using a method which determines the widths 
of the fiber by projecting the image of the fiber on a white surface 
where it is measured with a wedge ruler. The minimum fineness of 

_ merino wool fibers is 12 microns and it reaches its maximum fineness 
above 70 microns. The United States standard, consisting of 12 
qualities or grades, is based on the diameter. 

By measuring 100 fibers of any grade we find that the variation 
in these 100 fibers can be easily drawn as a curve. Each grade has 
its characteristic curve. For instance: 

In quality 80’s, the curve starts with 12 microns and ends with 32 
microns, with the peak at about 19.5 microns, while in quality 58’s 

_ the curve begins with 14 microns and stops at 42 microns with the 
_ peak at about 24.8 microns. This shows that with the lowering of 
_ the grade the quantity of fine fibers decreases, while the number of 


! Professor of Textile Engineering, Lowell Textile Institute, Lowell, Mass. 
2 Chief Chemist, Forstmann Woolen Co., Passaic, N. J. 
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coarse fibers increases. Since no fibers coarser than 30 microns 
appear in the finest wool, a dividing line is placed at that point. The 
percentage of fibers coarser than 30 microns is in direct relation to the 
grade. It was found that the various grades contain the following 


percentages of fihers coarser than 30 microns: thstoe. “i 


When the number of fibers coarser than 30 microns increases 20 


per cent or more, it is advisable to draw a second dividing line at 40 
microns. This is the same procedure as Mr. Dodge applied with his 
second line. 

Mr. Dodge said that for the purpose of control a much smaller 
number of measurements should be required. This is especially true 
in the routine control of textile fiber in our plant where we know the 
qualities required. For an ordinary fiber determination we usually 
make 100 measurements, for a foreign or outside sample 200 measure- 
ments, and to secure a real standard, we measure 500 fibers and in 
certain cases 1000 fibers. 

We trust that this additional information may prove the adapt- 
ability of such methods for other industries as well. 

Mr. Donce.—In connection with the increasing interest shown 
in the application of statistical methods to the problems of the 
Society, it has seemed to some of us that more studied consideration 
should be given to the sampling inspection and testing rules that are 
to be used for judging the conformity of quality with the intent of 
stated requirements. These methods are useful in all sampling 
problems; they provide a yardstick for measuring the significance of 
variability in test results and are of assistance in determining how 
many tests should be taken for any set of conditions. Often the 
number of tests prescribed is so small that the testing rule appears to 
be predicated on the continued assumption that the quality submitted 
is satisfactory, and does not provide adequately for the case where 
available information, either qualitative or quantitative, casts doubt 
on such an assumption. This inadequacy tends, in general, to favor 
the producer. The quality control methods that have been under 
discussion provide a technique for assisting us in determining when we 
may feel safe in believing that quality conforms with requirements, 
prior to taking a sample. If such methods were to be widely used by 
producers, the need for extensive testing of delivered consignments 
would be greatly diminished and one of the wants of the ultimate 
consumer, uniformity of quality, would be better satisfied. 
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Mr. W. A. SHEWHART.'—The English committee on the spelen 
tion of statistics in industry, which was formed ir. 1932 under the 
auspices of the British Standards Institution, will secon have available 
for distribution a pamphlet discussing some of the applications being 
made in connection with their work. I think a copy of this when 
issued may be obtained from the chairman of the committee, Mr. 
B. H. Wilsdon, Building Research Station, Garston, Herts, England, 
or from the British Standards Institution. It is also significant that 
the Royal Statistical Society, on its one-hundredth anniversary, 
formed its first section devoted to a particular subject when it estab- 
lished the Industrial and Agricultural Research Section. It is issuing 
a separate supplement to the Journal of the Royal Statistical Society 
in which papers and discussions given before the section are made 
available to the public. This annual publication should be of great 
practical value to those interested in economic standardization and 
the control of quality of manufactured product. The subscription 
rate is ten shillings per year and the address is Royal Statistical 
Society, 9 Adelphi Terrace, London, W.C. 2, England. 

Mr. Anson HayeEs.?—In behalf of the Committee on Interpreta- 
tion and Presentation of Daia, I wish to express appreciation of the 
two splendid papers by Mr. Dodge and Mr. Chancellor. The purpose 
of the committee is to encourage the development of the application of 
statistical methods. The Society is interested first in using statistical 
methods in connection with research work that is done under its 
auspices. Second, the methods are of interest to the membership of 
the Society in assisting in the establishment of closer control of the 
quality of products that are manufactured and sold. Third, they 
are of interest in enabling the purchaser of manufactured products 
to have a better knowledge of the quality of the products they buy. 
The Committee on Interpretation and Presentation of Data is ever 
ready to be of assistance in connection with any of these problems. 


1 Member of Technical Staff, Bell Telephone Laboratories, Inc., New York City. cag 
—- Research Laboratories, The American Rolling Mill Co., ee Ohio, 
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